
UNCLASSIFIED

AD 295 090

ARMED SERVICES TECHNICAL INFOE'LATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



Best
Avai~lable

Copy



-l-

NOTICE: When government or other drawings, speci-
fications or other data aze used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furni ted, or in any way
supplied the said drawings, spe ifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in auy way be related
thereto.



"295 090
U. S. ARMY
TRANSPORTATION RESEARCH COMMAND

FORT EUSTIS, VIRGINIA

_ICREC TECHNICAL REPORT6Z-73

A STUDY OF THE ORIGIN AND MEANS

>-tam OF REDUCING IELICOPTER NOISE

Task 9R38-01 -OZZ-01

Contract DA 44-177-TC-7Z9

November 196Z

prepared by:
BELL HELICOPTER COMPANY
Fort Worth. Taxas

ASTIA

JAN 3 0 1963in; 
•



2953090
U. S. A R M Y
TRANSPORTATION RESEARCH COMMAND

FORT EUSTIS, VIRGINIA

TCREC TECHNICAL REPORT 62-7a'

A STUDY OF THE ORIGIN AND MEANS

OF REDUCING HELICOPTER NOIS..

5 ~Task 9R38-O1..OZZ-O1

2C Contract DA 44-177-TC-729

Novmbr 96

prepared by:
BELL 14SLICOPTER COMPANY
Fort Worthi, Tasxas

1PJAN 3 0I963 ;



DISCLAIMER NOTICE

When Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related
Government procurement operation, the United States Government
thereby incurs no responsibility nor any obligation whatsoever;
and the fact that the Government may have formulated, furnished,
,)r in any way supplied the said drawings, specifications, or other
data is not to be regarded by implication or otherwise as in any
manner ]iceising the holder or any other person or corporation, or
conveying any rights or permission, to manufacture, use, or sell
any patented invention that may in any way be related thereto.

ASTIA AVAILABILITY NOTICE

qualified requesters may obtain copies of this report front

Armed Services Technical Into-nation Agency
Arlington Hall Stat on
Arlington 12, Virg.4,aia

This report has been released to the Office of Technical Services,
U. S. Department of Coumerce, Washington 25, D. C., for sale to
the general public.

The information contained herein will not be used for advertising
purposes.

The findings and recoumendations contained in this report are those
of the cortractor and do not necessarily reflect the views of the
U. S. Army Mobility Command, the U. S. Army Materiel Command, or
the Department of the Army.

II



HF"AnTQUARTERS

U. S. ARMY. TRANSPORTATION RESEARCii COi2tAXD
Fort Eustis, Virginia

This rcporL has been reviewed by the U. S. Army Transportation

RE:search Command and is considered to be technically sound. The

report is published for the exchange of information and stimulation

of i•eas.

FOR THE COMMANDER:

Oin H. PARRY, JR.
ist Lt. TC
Adjutant

APPROVED BY:

CJOHN Pj. EgYiTESS~USATRECOM Project Engineer



Contract DA -;1-177-TC--729
Task O)R.38-0,)-022-,'

November 1962

A STUDY OF TIlE ORIGIN AND MEANS OF REDUCING

HELICOPTER NOISE

TCREC Technical Report 62-73
Bell Report No. 299-099-180

Prepared by

(~Th BELL. -: :-". " I"•" . . "' /•:

HELUCOPTER cONU<PANY
* OIV.SION if h3ELt AttTOM)ACt cc-.cnnc:- * C OMANV

For

U, S, ARMY TRANSPORTATION RESEARCH COMMAND
Fort Eustis, Virginia



FO RB WORD

Tb i a report somin, C, sea: thlc.- reult of in ex×ererimental and analytical
researc'h program to investigate means o.f reducing the noise of heli-
coatvrs. The prongram wa:, crdiucted by Bell Helicopter Company under
1'. S. Army Transportation Resýearch Command Con-tract DA 44-177-TC-729
(Referen,:, t) and was carried out -and.r the technical cognizance of
Pr. John B. Yeoates, ISATI'ECOM, Fort flustiw, Vi rginia.

The acostical measurements and the reduction of test da'ta :-Cported
herein wo:re conducted by the Acoustical Instrumentation 'rest Lab-
oratories Of General dynamics Corporation, Fort Wcrth, Texas. Those
data act, presented in General Dynamics Report FZM-2471 (Bell Report
No. 2Qt-OOO-1O2), copies of which are available on request. Per-
sonnel associated with this program were Messrs. C. R. Cox, S. N.
Hamzeh, J. A. DeTore, J. N. Drees and P. R. Lynn of Bell and Messrs.

C. P. Fisher, P. T. Mahaffey, E. L. Kelsey, S. M. White and E. E.
Murphy of General Dynamics.
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Io SUMMNARY

This r.:iport pr('eolts the results of an experiment a-l and analytical
stwlty fI the origin and possililt I mans of reducing helicopter noise.
Acon stical and performance data art. presented for a single rotor tur-
hine poveteed helicopter (tl-lITA) with several main rotor configurations.
Also, simultancotusly recorded rotor blade pressure and acoustical test
dtita are r iven.

Noise o'r itria arc reviewed and established on the basis of over-all
sound prssure and loutidness level. The latter pertains to the auditory
sensation as perceived by an observer and is preferable as a measure
of the relative importance of the various noise sourcer. Based on
tIo looidrtwrý leel e'-it MO, Ii mot p otti I7nonL noise components el

the test helicopter are idontified. For the far field case, these are,
4n their order of prominence: (1) main rotor blade slap (when it
occurs), (2) tail rotor rotational noise, (3) main rotor vortex and (4)
rotational noise and (5) orive system and power plant noi5 , Mlade

slap is characterized by high intensity sound pressures of all fre-
quencies and occurs at the blade passage frequency. This noise is
shown to be dependent upon flight condition and configuration. It
is noted that single rotor helicopters are less susceptible to blade
slap than tandem machines.

Main rotor rotational and vortex noise components are defined and iden-
tified from the test data. Trends of both rotational and vortex noise
are established as a function of the various aerodynamic parameters in-
cluding thrust, tip speed, number of blades and blade loading. The most
significant parameter is shown to b? tip speed. The basic trends are
noted to he valid for tandem helicopters such as the HC-lB. Similar
conclusions are obtained for the tail rotor, based primarily on theoret-
ical considerations. On the basis of these studies, design and opera-
tional techniques resulting in minimum far field noise for existing
helicopters are given.

Several modifications to the HU-lA and HU-1B helicopters are presented
and discussed in relation to their effects on noise, performance and
cost. It is shown that significant nuise re 4•ion is possible by
modifying the main and tail rotors to operate at lower tip speeds.

The best over-all tail rotor modification selected, which includes a
new four-bladed rotor with standard HU-I blades and a new hub and gear
box, is shown to have a loudness of about half that of the HU-lA tail
rotor. When used on the 11U-lA and HU-1B, however, only a 20 per cent
reduction in total loudness of the helicopter is realized due to the
noise generated by the main rotor, Performance changes resulting frost
the modified tail rotor are negligible.



Ti mI C 111i O t LI I' 11o)ChIA C,1 cti' 1ýS st Udi(-d in Vol Ved inMcr iosi-s in l4Žd hjj k rea
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c'1.i.ýt m! illt-it11 11nt li-U IHiai ItL is 511100 thla t thle inotifi c,.t c ons
of tihe Halil] roItor ill COl0100 nýti11111 V th Ithiat Of the tail rotor, rcsult
ill a1 loita tIlIotiutic:-" L~odiit L ion [01)' the0 il-lA Of chanLt It' pe r cent. For
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of the main rotor, mccii~i c at co0,ns to wIl 'Iy the main rotcor will result in
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tilt 110150 SOlrC' Witicli Sitoui ci)L hiCirst at tacktd, since it e-xi sts during
all fligclt coD(i t inns. Mlade slap, whicoh is most significant for tandem

l~d i~ttls,3iloul ld he tUrtilor dcr'ined and means of its mitigation
itildst iga ted.



i CoNCLIISIONS AND I(COYMI.NUAr IS

i oist1 - i tte r ,s:i its oU this .tueI, it L S concltuclud L hat

l[c .h;; ill 'pro; t tar "ijol nois, soLrc.':; and :odlponents tor

single rotor helicoptersj of the .enCral size ou: the H1i-1 ara,
in their .+ cdter F? p ronm;nellce-

a1) ln in rotor h laItt' Sla'l (wheen it occurs

1) t ai 1 rotor rotati onal nroi s.

c ) main rotor vortex noise.

2) Blade siap of a single rotor helicopt.'r is dependent on flight

conditions, and consuzcntly its effects may be mitigated by
operational techniques. For the tandem helicopter, the problem
is morte general and can become severe. The mechanism !If 1-he

generation ef this noise is not fully understood; however, indi-
cations are that theoretical techniques to describe this source
and to evaluate the effects of various parameters are possible.
The remaining conclusions are applicable to the general case when
blade slao does not occur.

3) The promiinent noise sources will vary depending principally on
the size of the helicopter; e.g., for small helicopters with
high rotor speeds, the main rotor rotational component may be

expected to predominate over tail rotor noise.

4) Based on the experimental and analytical data of the subject pro-
gram, the most significant rotor parameter associated with heli-
copter noise is tip speed. Lower tip speed operation results in
a reduction of all loise associated with the helicopter. The
effects of tip speed predominate over the effects of other para-
meters when they are considered simu.taneously.

5) Significant noise reduction of the HU-lA helicopter is indicated
to be possible by the use of a r.cw four-K itd tail rotor operating
at lower tip speed. Production HU-l blades and a new tail rotor
gear box and hub are required. Based on the results of this study,
the loudness of the noise associated with the HU-lA tail rotor
may be reduced as much as 50 per cent by this modification. Be-
cause of the state of the art of noise prediction, however, this
estimate is not certain and should be confirmed by an experi-
mental program.

6) With the new tail rotor, only a 20 per cent reduction in the total
loudness associated with the helicopter can be tealized due to the
noise generated by the main rotor. The reduction in main rotor

3



n, -,' it; ,'hjlde it -)ni the I xternt 1o wA :h ithe tip i e,'eed can nec
reduced,. ad 'i -nn are e n cral 11..1 -- -l icati !-,;
the most s-ignificaant invIv:s 'i E - the ulU-1B riDor 3ystem

'he !I11-!A u into.r. For Lhis ca:-, th- t:tal I ou.KIc.•" or

the heli copter is rcduce-d abnu t 4i) per cent and the performance
vs increased :,lightlty. The major ' Cflet of the rflew ,aini rotor

is to allow o.pc]: ition at low ti± 'pdid
.7, t\ uxc.;o ~ x:lngtc; raigt prop-rotor n;_,ise and

I % 1UI~~o of cxia-t ig LS.'*V r-,la t o nig

addii tonal bar it r :. ,archI regard L su1jec tivc response to eon-
lIi nat ia of co!e;lux s:iund or,, s:an r. Noave.; or" needed Lo define
fully and c,;,t col the noise associated with VTOL aircraft

It is recommended that

1) An experimental vcrificatin. he made oC the noise redctim pos-
sibilititea indicatud herei-i for the ,U-1 tail rotor TM-:i-jLaLion.

If the estiiated reductions are found to be correct, then con-
sideration should be given to equipping all HU-1 helicoptors
with that tail rottr.

2) Conside ration be. given to equipping the HU-lA helicopter with
the HU-lB main rotor in addition to the tail rotor cesultins
from (1) above. For the basic mission investigated, this con-
figuration resulted in the lowest total loudness.

3) An over-all noise control program for VTOL aircraft be initiated
to,

a) develop an adequate theoretical basis for rotor noise pre-
diction, and

') verify the theoretical approach by in experimental program

to define blade slap and to evaluate the effects on noise of
such rotor blade modifications as twist distribution, taper,
special outboard shapes, etc.

4



Ill. INTRODUCTION

lic-clUcr ,I thll expa lll'ýr usC cl;C 0 V1 I i optic(,lte Ir l c Army tactical missions,

1',ti" opval;ttcon iin noncomb~at acas, and for civilian transportation, it

1i> ll. *rv, intcreasinOgly imjo etant to develop: an uinderstanding and means
2!t mitig:ati'y tile ooizso asqsociateLl with VTOL aircraft operation. Recog-

nizing t tis, thiec U, S. Army Transportation Research Command initiated
this re.'ram to investieate means of reducing the noise associated with
l{ ilc.plt, rs and to sI'.ow the effects of the possible noise reduction
Il. c it i� c t i '.on thec over-al i performance of thes.e machines.

__'lc'ha, cccli was icitended to bo a gencral trcatm,.'t :.f the helicopter noise

--problem. It was to be based on the available 1Iterature, in addition
lo c.w ft z.ul to j, a 1 iMited acoccstical mea, remec:t program of several
rotor configurations on the fIT-1A helicopter. Supplementary measure-
me-nts of aerody'namic blade pressures were to be used to relate rotor

n noise with air load variation anti blade moments. With these measure-
ments the comparative effects of solidity, thrust ccefficit:*•. tip
speed, number of blades, etc., were to be obtained directly.

At the onset of the work, a review of the literature confirmed that
there are only a few reported investigations (e.g., References 2, 3
and 4) which deal directly with the helicopter noise problem. Further,
the theoretical definition of rotor noise is not well developed.
Existing theory as used and summarized in Reference 5 relates to the
symmetrical flow case associated with a propeller rather than the
asymmetrical flow of a rotor, or prop-rotor. In addition, the em-
pirical treatment of high frequency propeller noise of Reference 6
deals only with low Reynolds number flow.

With these limitations in mind, emphasis during the subject program
was placed on obtacoing acoustical measurements on which ultimately
an adequate theory couild be based and on developing, insofar as the
scope of the program allowed, an understanding of the noise associated
with iualicopter -peration. During the course of the program, est~b-4`
lished techniaucs were selected to define quantitatively the principal
noise associated with the helicopter and to evaluate the possibilitles
of its reduction.

The performance, weight, etc., associated with the noise reduction
techniques studied are presented for the HU-l helicopter. Specific
modifications to other helicopters are not considered because of the
lack of directly comparable data on those machines. For the main
rotor, these modifications are based principally on the acoustical
data obtained during this program. Propeller theory is used for the
tail rotor to establish noise reduction trends associated with various
configurations and designs. To evaluate the noise reduction possi-
bilities associated with tail rotor modifications, cht, calculated data
are modified empirically based on the results of the subject program.

5



IV. EXPERIM.NTAL THiST PROGRAM

The objectives of the test portion of this program were to pro-
vide itioLuri atiion on the origin ot hel icopter noise and to show the
effects on nois of5 the various parameters associated with rotor de-

sign. The subject test program included a number of acoustical measure-
merits of the HU-1A helicopter with three main rotor configurations
during tiedown, nover and fly-over operation. In addition, aerody-
namic pressure measurements on the standard H[i-1A configuration during
fly-over were made simultaneously with acoustical neasurements. A
detailed report of' tho subject test program and the acoustical data
at, giv,'r -n Refeorece 7.

B. DESCRIPTION OF TEST HE.ICOPTER AND ROTOR CONFIGURATIONS

The basic test vehicle used in this program was the EU-lA hei-
copter. Several models of the HU-1 airframe were used during the
tests of the various rotor configurations. A photograph of the HU-lA
is shown by Figure 1. A three-view drawing with dimensional data is
presented in Figure 2.

Descriptions of the rotor configurations tested during the pro-
gram are summarized in Table 1. The various rotors tested are de-
fined in that table as Configurations I, II and III. Configuration I
is the standard 14IU-lA rotor system, Configuration II is the standard
HU-lB rotor system, and Configuration III is an experimental three-bladed

rotor system. The production HU-lA tail rotor was used with all main
rotor configurations.

C. ACOUSTICAL MEASUREMENTS

1. Test Conditions

The test schedule and helicopter operating conditions are
given in Table 2. The data of Table 2 include the test and con-
figuration numbers, the rotor configurations arid the operating con-
ditions (e.g., engine speed, gross weight, e.%..). Tiedown tests of
Configuration I were made at a constant power setting with and with-
out the tail rotor, as noted. Hover and fly-over tests of all con-
figurations are indicated in the table. During the fly-over tests
of Configurations I and II, flight conditions of low power letdowns
and decelerations were performed and recordings of blade slap were
obtained. Changes in thrust and blade loading were achieved by
varying the gross weight for each configuration. The range of test
gross weights was limited due to weight of the air load instru-
mentation (Configuration I) and to temporary flight limitations on the
experimental three-bladed main rotor (Configuration III)*

7



"ihcnv Ci roniunlP It rt o ( tOndi ions encOtlxni:e red during th• te.sts are

:¼¶111TI;Lr1. 7 d in T.tle -1. The wind dirrectiot ion l anO velocitics, temper-

,1u .'1.s J hIi u nidit itc: for the, var intis test datees are presentetd. The

v ' i al i its in timptl r ctt I u ntllcl IhuimiIity( during thle, tests were small

Ind ony the wini eandiitions of test runs 2. I.rough 29 (fly-over
teCts, Cmicf.,it ration •1 i are c ons ide red to be ma rginal

Mi crophone Locations

Ground plane measurements were made at radii of 50, 100 and
100 fceet and at 3W degrees of azimuth during the tiedown and hover

tests. "rThis is illustrated by Figure j. During the hover tests, the
hielicopter remained in ground effect (IGE) at approximately 5 feet

1 :m .,l da4t:K, [;!1 , i . et . -nside

the helicopter in the pilot's compartment.

Fly-over measurements were made at ground locations with the

helicopter flight path at approximately 50 feet altitude. This is
illustrated in Figure 4. The microphone locations were -n ; line per-
pendicular to the flight path at distances of 100 and 200 feet.

The microphones, incorporating wind screens, were attached to alumi-
num stands with the diaphragm at a height of approximately 5 feet
above the ground.

Special Runs (SR) 1 through 6 consisted of varying the micro-
phone height from 5 to 15 feet above the grouad plane at distances

of 50 and 100 feet in front of the helicopter (Configuration III)

to determine the effect of microphone ground height at various dis-

tances from the machine. These data are illustrated by Figure 5.
It is seen that the over-aul sound pressures are greatest near the
ground; however, the effect diminishes as distance is increased.

The fly-over measurements were made in an open field with low
grass covering. The tiedown tests of configuration I and the hover
tests of Configurations I and II were performed on a concrete ramp.
During these tests the microphones were necessarily positioned over
concrete and short grass. The hover tests of Configuration III were
performed with all microphones located over short grass. The dif-
ference in grot.rid covering produced a slt:4 airiation in measure-
ments.

3. Instrumentation

The acoustical measurements of this program were made with
Altec Lansing Equipment including 21BR150 and 21BRI8O microphones
mounted on Type 165A bases, Type 526A power supplies and Type 420B
amplifiers. The output of the amplifier was directed into one channel
of an Ampex Type FR-lb0 Tape Recorder. Figure 6 shows a portion of



thlis eqi pm'nt . At ach; init&rophI n, locat ;on 1lw over-ai! noise level
tWas moni t ,red and any er rat ic 1ii:C ri)lI0oYi(' CSWi repi aced. Six microphones

wci( rt'cordcd sir,'ult-one mously %vith a sea n Lbchlannel used for identi-
fic"(at inn.

Over-all sOUnd prCsSure, levels were measured and tape recordings
)f the microplione tpuitfitits were made at each poti zion for all operating

COridct-ions A 4OC,-c.p,:o. tone of known amplitude and a random noise
signal were recorded at the beginning of each s,:ties of runs for the
ptlrpjse tf calibration.

4. Data Reduct ion

The, tare recerdint, taken in the f-icid were raved hack throuch

the data reduction system shown in Figure 7. The tape recordings were
re-recorded in the laboratory on an Ampex*'FL-l0O Loop Recorder. Over-

all. and one-third octave band lcvels were recorded on a Bruel and Kjaer
Model 2,304 Level Recorder. Narrow band analyses were made with a 6-
c.p.s. constant bandwidth filter, the output being rTccrd:' on a Moseley
Autograph X-Y Recorder (frequency versus sound pressure level).

The data reduction schedule for the tests is shown in Table 4.
Over-all levels were recorded for all test conditions. One-third octave
analyses of one hover condition were performed for each configuration,
and 6-c.p.s. bandwidth analyses of the recorded data were made for a
number of microphone locations. In addition, oscillograph time histories
of selected data were performed ,using a 25-c.p.s. constant bandwidth
filter,

The readings taken from the tape were corrected for filter in-
sertion loss and were adjusted for recording and playback attenuation
settings and system gain factors. Corrections for the frequency res-
ponse of the two types of microphones used during the measurements
are given in Figure 8. These corrections are to be applied to all
6-c.p.s. constant bandwidth data presented in this report and in Refer-
ence 7. In addition, these data in the 10-to 50-c.p.sa frequency
range were found to be shifted slightly from the correct frequency.
This results in the low frequency main rotor noise components being
displaced several c.p.s. from their dctual. 3: ,. At approximately
70 c.p.s. an erratic system resonance was found to occur. This was
due to the data reduction system and is not present in the noise spect-
rum; therefore, this peak was disregarded.

Data reduction by 6-c.p.s. constant bandwidth analyses offers
the advantage of accurate resolution of noise composed of aiscrete fre-
quency components. However, attention must be given to the dynamic
range of the acoustical instrumentation system and to the noise re-
jection properties of the filter when analyzing noise with high

9



int -,it' I fit l tt'jtent ' orltettnt't s (tvpced,'j of hicl;cpter roise))

,th majori ty 1t thie subjeCt teCsts, the utpper and loner limits of
it t IT!i .1.IVmi nt' L "0t c ,pronmatt 1 v 105 an d I,5 det'it)ot s. Thor 'v fore.n

tai S c,-ml, ,.ni-lt •,ith 1,-,'1 .i i 1,],. t i, i'v.':.r 1li it Ii-t,:. id..t i ed,

In Lddi tit0, the maxtiriiMuT r•, J(-t ion of ti i,-- .1,.s. filter to noise
c-tt ýsicdt th, bait, h a ippitit;ir a: 1i li-cr o.,o, therefcre, ht1.ig
I' rtut:e t V Lomicocnion t - I'i 1h I :Vii ," .'-5 ,C more decibels bel ow that of
the low i re n-iencv main rotor noi:se are nut zc.,A,lved.

D. AIR LOAD) NUFASI'RNIT:NTs

it rr ' 't- at i cIi p Ct'S•,u -es on a rotor bladl were i.easouc-d .iimultan1-
tiu1lv with acoustica) data to correlate the noise generated by a heli-

- rater ,'.. c the titroridv,'imi-" I!Z:d'4 eni th;qe blade. Both air
load data and iriternal and external noise measurements were recorded
for the fly-over test conditions of Configuration I (test runs 30
through .42).

The measurement of main rotor aerodynamic loads was atc,,wp±isiied
by the use of NACA-type preFsure transducers mounted inside the blade.
These transducers were mounted at five radial distances, 40, 75, 85,
90-and 95 per cent radius, and seven chord locations extending from
2 per cent to 0O per cent chord. Before and after each test, each
transducer was calibrated with a reference differential pressure.

The air load data measured during the subject program for two
operating conditions are presented in the Appendix. Portions of
these data aro used in later sections to relate main rotor generated
no'se with differential -oressure fluctuations over the blade.

It was intended to correlate blade bending mnm..nts., pressures and
rotor noise simultaneously; however, the tcst helicopter (from another
program) was not in the proper configuration for metsuring blade bend-
ing moments at the time the subject tests were conducted. For the in-
terested reader, similar flight conditions with blade '.ending moments
and differential pressures are reported in Reference 8.

10



C•To *u crsiON (F Ill-IT.TI:R NOISE AND RhEI'LTS CO- TEST PR(ORAM

A. GENERAL

"lh1' 1(' 30 1)prod10-1o (I t v t he r' Irt i on of a bhel '.:pt, r is an uoav oid-
- , .' dU~t of tile triult 1itci ty Of (>)M-

poncni•sl ai ha lic-opl'r propululý;i( !oys.tem, an obse-rver ,-I . tci cora-
p,,-, comination of sound energies. This combination results in tile
no ise associated with helicopters wlhich unfortunately cannot Ihe climi-
natd cormpletely. It is believe.'d, however, that future helicopters
may' be do.s.good to produce acceptable noise levels for most missions.

In initi:,ting a noise control program, an understanding of the
f,rigin of the noiste relaed to the various sources is required. Such

. .u:I•ilig :ust inculude the identificatien of th0 various sources,
the description of the generation of that noise, and an evaluation by
a meaningful criterion of the sounds which an observer perceives as
hte p ioti ent noi sfi prod:ickd by the vehicle. The follouing paragraphs

niscuss th,'se 4te1os:3 'or% the I eI icopter and are aimed at presenting a

general treatment of the problem based on the results of the subject
test- program anl! the Liiin! i t .,I tihis ii,.t

1, CRITERIA

Noise is defined as an unlesira-le or unwanted sound. Sound is
composed of pressure waves whose magnitudes and frequencies are sensed

by the human ear. The undesirability associated with the sound in-
velvcs the subjective response of the observer which includes not

,only the physical stimulus of the ear as a function of intensity and
.frequency of tihe perceived noise, but also psychological factors.
Thuý, the observer perceives the noise in terms of whether or not
the sound is loud, annoying, interferring with his speech, etc. In
effect, the observer instinctively establishes a criterion by which
he judges the acceptability of a noise.

The criteria used during the subject program to evaluate the pos-
zible reduction of helicopter noise are based ork over-all and component
sound pressure levels and component loudnct-- 'evels. A brief dis-
cussion of each is given below in additinn ta comments on the char-

acter of helicopter noise.

1. Over-all Sound Vressure Level

Over-all sound pressure levels consist of the total sound
pressure intensity reaching an observer; however, this measure does
not include the effects of frequency. These levels are used to obtain

i 11



S : ;. { : . I x, Of1--iII [ r li ltu Of given noise ; hoieve r,

.. . i,.lt.:t t q t ittl i\'V'V O"r compa rilng r0l.'S

, ,.- ' ' I ,i r- ,ve-a1 l sunc pressure levels

.i n.! ii, 1 gaLithimil of the sound pr-SELlre
i"'"at'./ll.it' centimnetcr. Unqless otherwise noted9

a i- '�'n or it! in t h.; rcport arc referenced to this

.' ''l -"I i: 01 1 t••ih itt.•'ll 't' [2 t'A

a '. ill'-'rmiitt on is< ot- a: fronm a narrow bandwidth

. ' t! slis tres hiiO p~essii level ais a function of fr'e-

.UC cy. F Il 1his,, th c siouna prct:si .'c ý,,cl emanating from the ma-

(%,s 1sw h identifitd* T°ie accom;'aiing sketch illustrates

this. Not e t'at the noise )f the main and tail rotors and trCans-

rirssin's may 1,c identified. It is also indicated on the sketch that

the over-all sound pressure level is aliiost exclusively determined

hy 't he main rotor two-, four- and six-per-rev noise peaks.

-J
u - OVER-ALL SOUND

Wu PRESSURE LEVEL

UIIiii
Ix TAIL ROTOR DISCRETE

4 FREQUENCY NOiSE
•u (PER REV)

TAIL ROTOR

GEAR BOX NOISE,

Iw

4 MAIN ROTOR DISCRETE
FREQUENCY NOISE

oC(PER REV)

_. INAUDIBLE
• • • RANGEz ,, L ,
10 100 I00.1 10,000

FREQUENCY, C. P. S.

NARROW BAtNDWIDTH ANALYSIS

OF HELICOPTER NOISE
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Al though the investi gat on of the f re quency sped.trum FeTerrn'.ts
a deter 'rno-tin •" t he components cont r ibut ilg to the nnl se, it is in-
odcquat C to define th. noise a s pu'ccived by an observer. Below about
20 c.p.s, anid aihove a)out .),00()0 c.p.s., sound is inaudible* Because

the !ii!! he.t sound pres sures associ, ated with belicopters occuo at low
frequncitcis (11, 2_, etc. c.p.s.), a criterion based only on sound
prc:::;urc l hvels aill result in an incorrec.t evaluation of the relative
prominence et the ,i';: produced by the various components. To al-
ley Atc this, a criterion based on component loudness level is used.

3. Component Loudness Level

The loudness of a noise pertains to the magnitude of the audi-
tory sensation experienced by the observer. A measure of the loudness
of the various; component sources may be obtained from loudness levels
determined from narrow bandwidth sound pressure levels and the em-
pirical data of Reference 9, In that reference, loudness levels ex-
pressed in phons of single frequency tones covering the audible range
of frequencies are defined as curves of equal loudness lev•-! on a
sound pressure-frequency plot. Loudness level contours from Ref-
erence 9 are shown by Figure 9. These curves show the free field
sound pressure level of tones of different frequencies judged to be
equally loud. The unit of loudness level, the phon, is referenced
to 0.0002 dynes/square centimeter similar to sound pressure level.

It should be noted that both sound pressure level and loud-
ness level are logarithmic functions and the comparative loudness
levels of various sources are not additive. To add and compare noise
on a linear scale, another unit is introduced in the literature and
is termed the "sone." Figure 10 is a nomogram for converting loud-
ness levels to loudness, in sones. Direct comparison of loudnegs
mai be madc on the sone rather than the phon scale for noise of widely
separated frequency components.

4.' Character

In evaluating helicopter rotor noise, an important consid-
eration not included in the above criteria is the character of the
noise. The character of a part!t. ular no- se , ,rIce influences the de-
tectability of that source; thus, a pulsat:ng or modulating sound will
be easier to detect than a steady noise of the same loudness level,
Such is the case for main rotor noise which periodically increases and
decreases in intensity due to rotating sources. The character of a
noise is not directly considered in the loydness level criterion.;
however, an attempt to approximate this effect is made by evaluating
the peaklevels for the rotor noise components instead of the average
or root-mean-square values.

13



C OV1'R-_\LL NOISEI

II '1ei Si--l. Ofise o 0l a i (litoptO'r vacrius for Iliffer iit itode•s of
0'p raIt in1. DUI- I 111, haio c , the Lvea --all sound pr essure at die c,,nter

tm 0he r i c..is.tnitcsci:t Co r tI, effects of sm.na11 control
so,)t I nS ,ro I t'II d is.,ii di.tlirliancis l During forward flight, the ground

L)s , ) S C II tact s a variat ion in the over-all noise idue to the asym-
set icat ai r lc,ads ac ing on thel cotor, to distance and Dopplcr effects.

,n, est jhli sh te ll 'cr-all n()itSI' Characteristics of the test hell-
oip lt CInic r CLInIt 1ct, I l ted lnoltionst, ove r-all sound press•urc level

me n ce.,VInt' :t werc taken whil., the amaclhire was operated on tiedown.
'Pi,..ac tests w' e conItic t !. to cu'tjabiiuh the celatiV- intensities of
the• h'liAllt Cr noise at difffe cent angular and radial positions ,,ith
1rC spac t to, tlit' macli ite.

Flvoring acnusttcal tests were also conducted for the purpose of
comparing all rotor configuratti,-ns while operating in a normal flight

mole. Addit ionaialy, fly-Over tests were conducted to evialuate motion
and changing distance effects and to study the in-flight chiaracteristics
of helicopter noise.

The following paragraphs preo.ent the results of the ticdown, hover
and fly-over over-all sound pressure level measurements of the subject
program. Also, the F.oo.nibilities of the reduction of the over-all

sound pressure of the test helicopters are discussed.

1. Tiedown

The distribution of the over-all noise around the HIT-lA (Con-

figuration I) is shown by Figure 11. Near the machine, the over-all
sound pressure level in the aft left hand quadrant is the highest.
Farther removed from the machine, the over-all sound pressure levels
at a given distance are essentially constant.

The effect of disconnecting the tail rotor is shown by a similar
plot in Figure 12. A reduction in the aft left hand quadrant sound
pressure levels results, and it is seen that the main rotor dominates
the over-all far field noise. These data honw that the directivity
pattern of the tail rotor influences the nCeLL rield over-all noise of
the helicopter.

The over-all sound pressure levels at all microphone locations
for the tiedown and hover tests are shown in Table 5. It can be seen
that the rotor (engine) speed is of prime importance in establishing
the over-all sound pressure level. Decreasing the engine speed from
6700 to 5800 r.p.m., results in a maximum sound pressure level re-
duction of 9 decibels from 93 decibels (compare tests 5 and 7).

14



P * He '7v r

Th!. evcc-all f f-i ,ld sn.Mrld prrcssur'e levels of the rotor con-
gi cot i ons to: ato d ai re ,;Iimon by F iga rl, 13. as a functi inn of blade loading

and t i. s('oe . For e(Iuat Ii thri t t r. c li Ii on.;, test point.s taken from
'f,ii i ,xre sihown. Throaugh thest, point s, curves of coutstant tip speed

arc fairred. For reference, lines of constant thrust coefficient/solidity
(prl•portiOli;l to mean blade lift coefficient) are superimposed on the

"lThe dat;a s;how that for the range of parameters tcst'td, tile
ovelc-atl lsond pressure leviel, wilt approach a minimwa at blade loadings
noar tO pound,; per .;quiare foot. Above that value, tihe noise level
will increase with increa3sed blade loading. Doubling the blade loading
iro d it) Lo12o pounds pecr squLare fnot Will increase the noise lovel
approximately the same as will a 1) per cent increase in tip speed
(3 decibel increase from 819 decibels). For the conditions tested, it
can be seen that tip speed has a significant effect an the over-all
noise. The effect of number of blades cannot be determiner' from these
data.

The data indicate that it is improbable that the over-all ex-
ternal noise level of the Ht-1A t 200 feet can be reduced to 75 de-
cibels (Reference 1) by a practical change in rotor parameters. This
is due mainly to the contribution of the high intensity, low frequency
rotor noise.

It should be noted that these data were obtained for conditions
during which no significant stall or compressibility phenomena were en-

countered. It is believed that the general form of che data will remain
valid for different operating conditions; however, the magnitude of the
sound pressure level would be expected to increase with increased thrust,
stall or compressibility.

3. Fly-Over

Sample time histories of the fl--over noise produced by the
various rotor configurations are shown by Figura 14. These traces show
two major frequency components which corresps,-'- to the blade passage
frequencies (two-per-rev) of the main and tail rotor. It may also be

noted that ab the helicopter flies over, a rapid decrease in the over-
all sound pressure level results, and the lower frequency main rotor
component becomes masked by the tail rotor noise. The increase in the
tail rotor noise as the helicopter flies by is characteristic of single
rotor helicopters and is a result of the varying sound pressure asso-

ciated with the moving directivity pattern of both the main and tail
rotor noise components, plus Doppler effects.

15



Table La I ra;ts the condi, tions and results of the fly-over tests.
The oIIt a! oli.s tallnt a!1n the flv-over no ;se of the three teat con-
t' a rat'ions a ,e alshoLn, ainld it can I}c he san that the three-bladed main
ra:t.r configu ration prIduced the( lowest over-all scund pressure level
( 1 iii hýib IS at f ly-over). *T iis is in agfreement with the fintdings

o-f tII, h''.-. r 1<- at a, FoPr hihe r fnorward speeds of -O to 105 knots

and an inc teas(, in tip speed of 753 f.p.s., the levels shown in Tanle
6 increase two to three decibels.

It is apparent that only limited information regarding the ef-
fects of the various possible aerodynamic parameters and other noise
reduction techniques can he obtained by using over-all sound pressure
levels as-; a criterion. As stated previously, the over-all sound

pressure level is determined almost solely by the low frequency noise
components of the main rotor and, therefore, reveals nothing of the
cntributions of higher frequency noise sources. To assure a more
.ieaningful nriterion, Lomponent loudness levels as discussed earlier
are used during the remainder of this study.

D. ORIGIN AND CONTROL OF HELICOPTER NOISE

Tke aggregate of all component noise emanating from a helicopter
gives that machine its characteristic acoustical signature. That
signature is not only a function of the specific noise sources of
the vel.icle but also depends upon factors such as distance, terrain,
ground cover, etc., as well as the response of the observer.

In this section, the noise sources associated with helicopter
operation are identified and explained insofar as possible, and the
various factors which influence the acoustical signature of the machine
are given. The noise sources are presented and discussed in relation
to that part of the vehicle's propulsion system from which they ema-
nate (rotors, drive system, power plant, etc.). The effects of the
various parameters associated with each source are discused and
trends of possible noise reduction are established. This section
is generally applicable to both tandem and single rotor helicopters.

1. Rotor Systern(s)

Rotor noise is produced by both aerodynamic forces and struc-
tural vibrations. Except in unusual cases (such as stall flutter),
the noise of aerodynamic origin is by far th,: most important. Conse-
quently1 this section will only be concerned with rotor aerodynamic
nuise.

In the literature, propeller (rotor) noise is divided into
two components, rotational and vortex noise. Rotational noise is

16



C OnlfoNc (iof disc r tc fr-q (LCin,: ics onhicch are multiples; of the blade passage
f tqtiuency and,. is as.sociated vil h the t,,tal thruest and torque of the
ilsrls.. :\. representcd by th, sketch below, an observor off the axis of
rotltie', sense,.s a vatiaLtien in j)reS!;uOr clue to the rotation of the blades

and their s3urfac- pres:ure di stribution (ZfAP), This,'; variation 3.s associ-
atcd:! wilh the blade passage or fundamenial frequency and its hacauonics.
If the blade passage frequency is sufficiently low, several of the low
harmoniC prcssurc pulses ace not audible.

/ FAULTI-BLADFO ROTOR A

1P2
ftpp

4 iP

* OBSERVER

-'PESR j1W BLADE PASSAGE (FUNDAMENTAL) FREQUENCY

AS SENSED
BY AN
OBSERVER

LHARMONICS OF"1 ir FUNDAMENTAL FREQUENCY

TIME

ROTATIONAL COMPONENT OF PROP-ROTOR NOISE

Rotor or prop vortex noise results from the stresses acting on
the medium, i.e., the boundary layer shear and the stresses arising from
the wake vortices, and extends over a large range of frequencies defined
by the local air flow and the frontal area of the blade. A simplified
representation of this component is shown by the following sketch. The
distinguishing characteristic of vortex noise is the amplitude modu-
lation of sound pressure at the blade passage frequency.

17
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/ MJULTI-Bi..ADE[] FeOTO

!A'-.Id

OBSERVER

-*- K BLADE PASSAGE (FUNDAMENTAL) FREQUENCY

PRESSURE

AS SENSED

BY AN
OSRE OVER

-sI r•FREQUENCIES
ASSOCIATED WITH

TIME VORTEX NOISE

VORTEX COMPONENT OF PROP-ROTOR NOISE

The at Lual dst Lt.ipLioL1 of pLup--iutoj- nuibe is I',i ifluI'e Gfiu-

plicated than represented here. This is due to Doppler effects,
directivity patterns, attenuation factors, etc.

A noise produCed by a rotor which is not treated in the lit-
erature is the sometimes severe blade slap. Depending on the inten-
sity of the noise, it is described as a "popping" or "cracking" sound.
The severity of this noise depends on the rotor parameters and con-
figuration; however, even for the same helicopter, it will vary in
intensity depending on flight conditior, *. "-'pite its elusiveness,
when severe blade slap or crack occurs, it is the predominant noise
associated with helicopter operation. A discussion of the above
mechanisms and their significance for the main and tail rotors of
helicopters is given below.

a. Theoretical Development - To date, the theoretical con-
sidzrations relating to rotor noise are limited to idealized uni-
form force distributions over the disc and to diameters associated

18



Witi IL i�o d .1 ; i icignn. I'hc, foll owinrg discussions are presL-nted to
.11' at rate tihe p1r,.cnt state of the art of rotor noisO prdliction.

(1.) Roi. taioal Noise -- A rotattng blade t.ith its as-
SIc i7tctcI i-t td tirag fnree dst ritbittr exerts equal and opposite
rcact*on i orcttc on the tiir. Thes;e forteS cause elastic: depressions
of the .ir which are transi tteu a; pressure waves at frequencies
determined by the air load or force variation. At a fixed point in
space, the fundamental freCquency of these pressure waves corresponds
to tlhe blade passage fPrequtCy.

The d(iclo~pIj.ent of the theory of propeller rotational
,0trsUe is given by References 5, 10 and 11. From Reference 5, the far
fi(eld sOtuLnd pressure, p, £or a propeller at zero forward speed is
given by the expresion

b I Re a mb R- • ashc 1 ex - a'-- .2. (1)

2v1 as R Tx Q *f 3 mb -so

where m is the order of harmonic, b is the nwuber of blades, flý is
the rotor speed, a is the velocity of sound, s0 is the distance from
the noise source to the observer, T is the thrust, x is the distance
from the observer to the noise source along the axis of rotation, Re
is the effective radios, Q is the torque, Jmb s the Besse! function
of first kind with index mb, and y is the distance from the observer
to the axis of rotation.

By careful examination of Equation (1) it can be seen
that the rotational noise is primarily a function of the total thrust
produced by the propeller. As the number of blades is increased, the
Bessel function tends to decrease and results in a lower noise in-
tensity.

It can be noted that the torqt L t-.rm Q -.7zr. is in-

dependent of the position of the observer, whereas the thrust term
Tx Re is dependent on the observer's location relative to the pro-S~so-

pellet plane of rotation.

The thrust term is positive for distances in front
(i.e., in the direction of thrust) and negative for distances aft
of the plane of rotation. Thus, a varying sound pressure will be

19



obseerved at various distances along the axis of rotation and a ro-

tati ona1 noi se directivity pattern is deFined.

The sketch below iliutstrates the directivity pattern

of rorational noise for a two-bladed propeller in the axial flow con-

dition. Lixnis of constant sound pressure are shown in relation to the
plane of rotation. The
maximum noise is seen to

OHRUST be in the direction of
LINES OF CONSTANT / the inflow. This pat-
SOUND PRESSURE tern rotates with the

blades.

PLANE OF The principal limitations
ROTATION of the propeller theory§77i Ninvolve the assumption

of a rectangular chord-
wise pressure distri-

-OI-ECTION OF bution and "-&a reso-
A ..... MAXIMUM NOISE -_ lution of the spanwise

distribution of thrust
DIRECTIVITY PATTERN OF PROP-ROTOR into a constant value
ROTATIONAL NOISE acting at one radial

station. To eliminate
these restrictive assump-

tions for the helicopter rotor case, extension of the theory is required
to include the effects of variation in the air loads as a function of
blade azimuth position, radial location, forward speed, Mach number,
stall, etc. The work of References 5, 8 and 12 should prove helpful
in forming the basis for this extension.

(2) Vortex Noise - Another type of sound radiated from a
propeller is termed vortex noise, defined as that due to the shedding
of vorticity. This noise is caused by the stresses (Reynolds, hydro-
static, viscous, etc.) acting on the medium and its treatment in the
literature has been primarily empirical. Reference 6 gives a pro-
portionality relationship for the vortex acoustic pOwer 1 Wa, radiated by
a rotatingcylindrical rod as:

Wa cc P (Ccd K)2 Vt6 Rd ...... ............. (2)
a1

where c dis the form drag coefficient at the mean radius, K is Strouhal's
number, Vt is the tip speed, R is the blade radius, and d is the frontal
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pr�Le r t Ii]. t with c(I and K iodeponronet of ye1 (Ocit y, the acOustic
power J s lP roI• ort i ,ial to V LO ; ,;filc the sound pressure , p, is pro-
port ionall tio W.1,/ ,- then p c-:V VA Thus, it I,1ow tilp Mach nu'mberLs
and .low Rcyncnld.-d numbiers, the blade tip speed isý tih mos t inilu-
Clntil pa',xmctcr affe(i.ing vortix tio It i:s to be emphasi'_ed
that Equation (.') 4s at. best an approximate relati(,nship.

The predominant frequency of vortex noise has beenV
defined empirically as f = K - where V is the elemental fiow velo-

city. Consequently, a range of frequencies proportiontl to the flow
velocitiesn over the blade surfaces will be generated by all of the
elements of the blade.

At low blade tip speeds, the vortex noise component
of each blade clement has a directivity pattern as indicated in the
sketch beltow At each blade element, sound eminatcs as ccncontric

CONCENTRIC SPHERES OF
EQUAL SOUND PRESSURE

DIRECTIVITY PATTERN OF PROP-ROTOR 'OR'IEX NOISE

spheres as a function of the local stresses on the medium. For a
small diameter propeller, these spheres can be considered concentrated
at the three-quarter radial position, For large diameter rotors,
however, no simple representation has been formulated due to inter-
ference effects, intensity variation, etc.
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At high tip speeds, Mach number
effects apparently cause a dis-
tortion of the vortex noise di-
flcCtivity pattern so as to CLon-

LOW MACH -. gt4' t hL. sphWercs and nove their
NUMBE . tipper end toward the direction

. HICH MACH of rotation. (See ad accnt
, NUMBER sketch). This effect is treated

_________ extensively in Reference 13.

Since the vortex noise and its
cdirectivity pattern rotate with
the blade, an observer off the

I Y.. axis of rotation senses a vary.-
--- 2ng sound pressure. Thus, the

observer perceives a modulation
EFFECT OF MACH NUMBER ON VORTEX of the vortex noise at the blade

NOISE DIRECTIVITY PATTERN passage frequency.

The situation in -he case of a
helicopter rotor is much more

complicated than for a propeller.
Boundary layer and induced vortices are continuously being shed from
the blades dte to factors such as the angle of attack variation and

blade motions. To predict vortex noise with any degree of accuracy,
detailed information on the high Frequency aerodynamic loads on the
blade and fluctuating stresses in the boundary layer are required.
Theoretical refinements of rotor aerodynamics such as those offered

by References 14 and 15 may be of considerable importance in this
respect.

b. Main Rotor

(1) Rotational and Vortex Noise

(a) Identification of Main Rotor Noise - Figure 15

shows the far field noise spectrum of the HU-IA test helicopter as de-
fined by constant bandwidth analysis. It can be seen that on the basis
of component sound pressure level the main rotor rotational noise is
predominant. At the higher frequencies, t'" principal noise compo-
nents are the taii rotor rotational and the main rotor vortex noise*
Other identifiable sources are those associated with the tail rotor
gear boxes.

Rotational noise components are identified by
their characteristic frequencies (multiples of the blade passage fre-
quency). Although for convenience, the various harmonics of the ro-

tational noise are represented in later sections of this report by an
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Ivelope , rotational noise contains only disc rete frequenc ites The
identification of vortex noise requires a more detailed analysis of
the constant bandwidth datla.

In en earlier section, it was pointed out that
rotor vortex noise occurs at frequencies up to a maximum defined by
tbc blade tip, speed. ConseCquently, vortex noise may be properly repre-
sented by an envelope. Since the directivity pattern of this noise
rotates with the blade, an observer off the axis of zotation will de-

tect tie vertex noise at frequencies which are modulated at the blade
passage frequency.

Detailed analyses of the constant bandwidth data
were made in the frcuqconc- range wherc main rotor vortex noise com-
ponents were anticipatdc[. Figure 16 shows typical oscillograph traces
of vortex- eist: tre histories obtained using a 25-c.p.s. constant band-
width f'iter- centered at 100, 200 and 300 c.p.s. It is seen that the
two-pet-rev (il-c.p.a.) modulation occurs at all three frequerncies and

is clearly evident at 200 c.p.s. Similar analyses at the p,-tacipal
tail rotor rotational frequencies did not show the two-per-rev modulation,
thus the levels of this component mask the main rotor vortex noise.

With the various components so identified, Figure

17 presents the envelope of the main and tail rotor noise components
and also curves of equal loudness level. It is seen that even though
the sound pressure levels of the main rotor rotational noise are
highest, the correspond tng loudness levels are lower because of their
nearly inaudible, low frequency components.

Figure 18 illustrates this effect more directly.
On that figure, the loudness levels of the main and tail rotor com-

ponents are shown as a function of frequency. It is immediately seen
that with respect to the noise perceived by an observer, the tail
rotor rotational and main rotor vortex noise are the loudest.

(b) Effects of Rotor Parameters - Main rotor loudness
levels for the various rotor configurations tested are snown by Figure
19. For these data, the major parameters are constant except blade
loading and the number of blades. It should tL ca.ted that the gross
weight of Configuration III was approximately 5 per cent lower than
that for either Configuration I or II. Also, Configuration I had
12 degrees blade twist and an NACA 0015 airfoil section, while
Configurations II and III had NACA 0012 sections and approximately
10 degrees blade twist. It can be seen that the main rotor vortex
noise predominates for all configurations tested.

Pigures 20 and 21 illustrate the effects of blade

loading and/or thrust at constant tip speed for Configurations I and
II, respectively. In both cases, increasing the thrust resulted in
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i n crcasýed rots t I onal 'irldi v'rt(.x noi se . (Although chances; in gross
we 1 ;.,t re t.'4 •l thliro•,gnout this report t, i ndi.;it. hi' tF:cL ,f thrtir' t
the toltza t1!! rus L -q1al as tlic. ross lvc i 'lit plus 1ll rn:;ol:.e download.

Fi go ti's , il, d 2' . 5.i ow 1he cffects of tip speed
[01 t1:ý tVi- 1l1.0 thirctlI 5(1Cadcd rot o0 s9, ro5eOc u iv.'Iy*. '"fh sitniI-cart

point.t to neot, are that the L oudnesss i4-vel 'ot all 201i e C nomponeritIs
increase vi th inc reased tip sp,'cd i-l_, the thre-blhiled rotor produce:-
the lowest* vorte.x noise of the throee configurations, tested.

The ;,,.ak vortex and rota'tional loudness levels
from 1l'gnres 19 throegh 23 are used in the f.-ilowing paragraphs to
establish trends as.sociated with the parameter variations of the sub-
ject test,;s 1, is noted that the application of thelse data beyond the
range :,r this investigation, os bro.Id genera± isilt ions base-d on such
prese:ntations, may not be valid (dole to such items5 as helicopter sii:e
effects on the fundamental frequency; the variations of the intensity
of the higher harmonic rotational noise; ind changes in the charac-
teristics of tihe modulated vurtex noise.

1) Thrust, Blade Loading and Number of Blades -
Figure 24 shows the peak values of the main rotor rotational and vortex
luudnless levelb plottLed as a function of blade loading for several
gross weights. The curves are based on the two-bladed rotor data of
Figures 20 and 21 and on the. three-bladed rotor data of Figure 23.

The effect of thrust is to increase the
loudness .tel of both the rotational and vortex components. As
shown in fEgigre 24a, the change in the vortex loudness level for
both the two- and threr-bladed rotor, due to a change in thrust
remains essentially constant as a function of blade loading. For
the rotational component, however, it appears that the effect of
thrur't for two-bladed rotors is more significant than that for three-
bladed rotors at the lower blade loadings.

Increasing the blade loading increases the
vortex component loudnessý level and decreases that of the rotational
component. Comparing Figurer. 24a and 24b, it can be seen that above
blade loadings of appro.timately 50 and 70 pounds per square foot, the
vortex component predominates for the thre. .-.d two-bladed rotors,
respect ively,

The three-bladed rotor data shown in
Figure 24 are interesting since they allow some observations on the
effects of the number of blades. For a given thrust, the loudness
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cI to ,it-> cim po tun t 1't- rthe 1 ~h CC 0- hIad.' 111 !,tor t foi Z,1"n

1 it.. , t , t 't1 tapitt .tt.'d 1t,'; -l1 ade .d r;,to r d ata1. 'I!hcs in d ic a;tets-:
tat o , .iI i ns of *equal hlvring efficiency, thi vortex noise
tO a twno- l:

1  thirc,--ladh d rotcr:, i:s cstsenti ally the same. In Fij'ure

. t'- , - ýk ro;t tian;.1 1z'udnc:-; level ot tlh' thrt-hiadod apin
., I ' ] rc ially v owe t han t hat f7!)r tihe l t trapI.atted two-bl.aded

rot,-,r data o. or the sore r,,tor thrust) and consequently indicates a
512 i4ii .', t W i numiiber of hladIeis. For the case shown, increas-

inLg tin, ttlmber ot b-lades.z from two tzo three appears to be equivalent to
decrea.-"tirh:ýe thrust of the two-bladed rotor by about 500 pounds.

In maiy cases, two-bladed rotors are de-
ý5ivlcd .it h hi, ht-r lait- load-ungpi than comparable three-bladed rotors.

C'as.eciu&' t'I , the rotat onal lou Tnhess lev els of thc two- and three-
blatied rotors %il I be A-Prowxrmalely the same. Vortex ',ni e, oin the

other hand, wil1 generally be more prominent for the two-bladed rotor
des ions.-

2) Tip Speed - Figure 25 shows the peaa
values of the main rotor rotational ind vortex loudness levels plotted

as a function of blade tip speed. Both two- and three-bladed data
are given; the three-bladed data are for hover at a gross weight of
6400 pounds (0L = 50 pounds per square feet) and the two-bladed data

are for tiedown at an approximate thrust of 6000 pounds (BL = 108
pounds per square feet).

It is seen that both the rotational and

vortex loudness levels increase with increased tip speed and that the
respective slopes of loudness level versus tip speed for both com-
ponents for the two- and three-bladed rotors are the same. The slope

of the rotational component is slightly greater than that of thevortex
noise, as would be expected from theoretical considerations. The rela-
tive magnitudes of the rotational and vortex loudness levels for the
two- and three-bladed rotors are explained by the difference in blade
loading between the test rotors (see Figure 24).

(c) Reduction of Main Rotor Noise - From the above,
it is seen that for the range and size class of the parameters in-
vestigated, the following trends are establi'W.,d±

- Both the rotational and vortex noise components are reduced
with lower tip speeds.

- At a given tip speed, the rotational noise component Is re-

duced with increased blade loading. For a given tip speed
and blade loading, the rotational component is reduced with

"4• increased number of blades and reduced thrust.
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-o "l '2 j Cjow C I1•J':IL c lL CC 5I wit h iltteats-,d thru.st and
i h t , 1:0 1 'i Mt k, flckt• n .t I .: t l mb 1'r o)f II a, 4,s til thl VOrtex
:1+;;' I:0 S h1 tl:o r; i h'?] it-.

;:,o3' th,. titiCular rotLo 1, 011L iti tions irive'; i i, a ted, the vortex

im ." tl i ,lttit r"' I ,t .! I i an tes .

In addition to the parameters varied during the
:-.ulJC't tcst program, it is believed that vortex noise may be affected
sitgn ic~ant I by the blade twist, taper and section. Different tip
.- 10!, ., ..r-I iav, teen ropo-sed; however, available evidence indicates

I11y .I-1i1t 4ains are possible with these modifications. It is probable
that a hiade area larger thian just the tip is involved. Decreasing the
local diadc loading over the outboard portion .if the radius (as much as
., p,.r crnt may be quito Off(L Live in reducing the vortex noise.

(a) Description and General Discussion - By far,
the most ohjcctio~nahlh noise associated with helicopter: operation,
whamn it occursI in blade :;ap. This noise is characterized by its
occurrence at blade passage frequency. Depending on its intensity,
it has been referred to as a "popping" or "cracking" sound. The
term, blade slap, as used herein, denotes one type of noise which
may vary in intensity and quality depending on the rotor design and
flight conditions.

1) Single Rotor - The single rotor HU-1 heli-
copter exhih;its a tendency to slap under certain flight conditions
such as low-power letdowns, decelerations, turns, and moderate for-
ward speeds at high gross weight. The H-13 helicopter also.exhibits
this characteristic; however, the noise produted by the smaller machine
is less severe,

During the tests of the subject program, severe
blade slap was not e-ncounaterd; however, during the fly-over tests or:-..'
Configuration 1, the slap was noted as the helicopter decelerated and
turned away frue the observer. Narrow bandwidth analyses of these
ily-over data ,cveal that blade slap is :•"•,-osd of all audible fre-
quencies ;t',dulated at the characteristic b. ade passage frequency. An
example of this effuct is shown by Figure 26, where a large increase
in sound pressure level due to slap at a frequency of 500 c.p.s, is
shown.

The effect on the over-all frequency spec-..
trum is shown by Figure 27 where. the results of a narrowv bandwidth
analysis-of blade slap are giv.en. In this figure, the.peak sound
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L JS I I _lt L7 0J L t a S, , .1, fnli i Cti )

1.'.•',• vo.1''- .;ts.-'t ti-tu•d wvitl 1)1th, slop iit,: plotte-d as ;i l-Hiition

rcif tv I1t ma y ihtut- : tint blade- slap ex tends ov er a fro-

(htV1(. ±JtCY ttt)' ,' t'. 't 1 haP ... and l.s Tut m .a t - iini t e s lt'l t ty

The di.lfertonc, in chiaiU<.ctt..r between the noise

soti ilt' Iwith )1lado slap and the usual heiicoptcr noise is shown
in the. skctch below, A numerical seaae of loudness is not given duie
to tli1 di-to re-t cenditions of the two tes.ts. Note he broad Spec-

t ral dlistribati -n of blade slap as compared to the hovering frequency

dist-ibhuti,?1 Ot thxe various noi>c- Lompofleints When blade slap occurs,
the individLl,. 1101Wse sources are not discernible.

During the test program with

EXTERNAL NOISE SPECTRUM the two-bladed MU-IA rotor,

- HOVER CONDITION blade air load and acou-ti-
BLADE AP Cal measurements were re-

corded simultaneously during

"W fly-over. Similnr dnta were
uJ> -.. taken during normal flight

7J with internal noise measure-
.)-/,• TAIL ROTOR menit equipment. Figure 28

Z•• -- . -RO TA T ION A L. N O ISE
Z / Xii'gives an example of these
D MAIN ROTOR data. The recorded dif-
0 / > VORTEX NOISEtJ 4 ferential pressures at var-

ALMAIN ROTOR ious chordwise stations at
ROTATIOeJAL NOISE the 75 per cent rzdial station

SI.I - I are given together with the
10 ,00 1000 10,000 output from a microphone lo-

cated in the cabin for a 60-0
FRE-uENCY, CP,., knot deceleration when blade

DIFFiRENCE IN CHARACTER OF BLADE SLAP slap was present. Note the
AND NORMAL HELICOPTER NOISE sharp differential pressure

changes occurring at blade

azimuth positions of approximately 90 and 270 degrees. The acoustical
"meastiremneft- (tra.c' number.: 8)-also indicates two/rev increase in rbtbr
'lnoie uear 90 degrees and ,'0 degree- azimuth position (a time delay
of about 0.02 seconds should be taken into account for the noise to
teach the cabin). Sufficient d.tails arte ti' prusent to define which
blade produces the slap. A closer study of the internal noise trace,
however, shows a 150 c.p.b, frequency which corresponds to a pressure
variation near the blade tip on thM advancing side. (See detail in
Figure 23.)

2) Tandem Rotor - Based on this contractor's ex-
perience with the tandem rotor SLFhelicOpter and zfeccnt discussions
with a- tandem rntor helicopter manufacturer (Reference 16), it is con-
cluded that the tandem configuration is more susceptible to blade slap
than a single rotor configurazion. With the twin twu-bladed rotors of
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151 /. 1151,, twV,(' iV I)a.1i' slap was p rci:c n u I II ring all ope rating con-
tiil' v: with var e S, 1l' it1es t", ever; ty.

tc'i•i�,�l r'coir:,Is of this noise from Ret-
ic i e 1.; :showv p';uk sound pr, ss :i'rc 1ev']5, ot 11) decibels at a location

Ie ar tII l[SI. oiet i. r (! ti ct'lw,. The root -i.an-ci(isquare sound pressure level
SOr the same c and i t jail ass approximateylv 118 decibeis. The adjacent

sketch repre ;ents a time historv of the over-all sound pres-ure level
daring the subject HSL acoustical measurements. Note the position of

the rotors. The sudden rise

ROTOR in sound pressure level as-
AZIMUTH sociated with blade slap is
POSITIONS OVERLAP7

REGION se/ sn to occur periodicallyRGON//

, 2 2 ./ at blade passage frequency

_ / for one rotor (two/rev).
2 Based on the analysis in

.i I Refcrence 1', the noise
originated as the rotor

"LU blades entered the overlap( 2 I,

(- - r,ogiun. As inI LIIC subject
O RVprogram, sufficient data

Alf1n [ were not obtained during
io C iI - ! this work to determine which

o-J 'V \ blade(s) produced the slap.
wz TIME

Based on observations and in-
4 formation from Reference 16,
w-TIME HISTORY Or' OVER-ALL SOUND PRESSURE the tandem rotor YHC-lA and
3 LEVEL DWRING BLADE SLAP OF TANDEM HC-lB helicopters generate

ROTOR HSL HELICOPTER blade slap in most flight con-

ditions; and, at high forward

speeds, a cracking sound is
encountered. Indications are that the YI4C-IA noise is more intense than
the HC-lB at that condition. Although details are not available, it was
learned during Reference 16 that pruliminary analysis indicates that the
blade slap of the HC-lB is generated as the aft rotor leaves the region
of overlap. This is in disagreement with the conclusions--o Reference
17.

There are many una,.awv.'ed questions cuncern-
ing blade slap and this points out the lack of a basic understanding
of the origin of this noise and the effects of various parameters on
this source. A review of the available literature shows no discus-
sion of this characteristic noise associote, with helicopters. The
folloeing section presents this ccntractor's views on the possible
origin of blade slap and the approaches to minimize this disturbing
noise.
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(h) Possible Origin and Mitigation of Blade Slap -

ulastd on the available evidence, the most probable cause of slap at
SIow fli Ih-'pt ios is Le rap'id angle ()f attack changes •.-hich a blade

X 1p l, '+J'c a.- it e Icounters i ts own, or a previous bladte's wake. Com-
Ipressi h Iii ty could in( rcase+ the sveri ty of the effect of this angle

of attack change. When the blade angle of attack is suddenly changed,
the Iit t and conseqtie'it'y the trailing wake system also change abruptly.
The abruptnUss of the change in the wake Leads to an impluse type noise
which contains all frequencies. Less severe angle of attack changes
can alter the characteristics -,f the boundary layer on the blade and
the normal vortex noise mav be reinforced at blade passage frequency.

This explanation is supported by Figure 29 which
shows the results of air load measurements on the HU-IA rotor from
Reference S. That figure shows the differential pressure near the
tip of a single rotor helicopter main rotor blade at various forward
speeds. It can be seen that a sudden increase and decrease in the
blade differential pressure occur during low forward speeds just be-
fore an azimuth position of 90 degrees and just after 270 degrees,
respectively. At forward speeds of 20 and 40 knots, blade srap was
encountered. By observation, this noise occurred at twice per revc-
lution; however, the azimuth position of the rotor blade where slap
originated could not be determined.

The possible azimuth positions at which inter-
ference with the trailing vortex system might occur are shown in the
schematic on Figure 29. The indicated tip vortices would cause sudden
inflow changes near azimuth positions A and B. Thus, the passage of
a blade through the trailin'ý vortices would result in a sudden force
variation on the htadc elements near the tip which could result in
the noise observed. In all probability the noise would occur on the
advancing side.

An explanation for the dependence of the intensity
of blade slap on flight condition is obtained by the consideration of
the rotor inflow variation for different flight conditions. In a
climb where slap is rarely encountered, the rotor's trailing vortex
system is direct.'d away from the blades. Conversely, in a partial
power descent where blade slap is encountered, the helicopter flies
into its wake.

A tandem helicopter is more susceptible to blade
slap since the trailing vortex system from two rotors are present.
For the tandem, the reasoning presented above remains valid for that
machine; and, it becomes possible to encounter blade slap under all
operating conditions.
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At hiii gil r fiight speeds thcrc the rotor wake effects
arc less poronOunCed (5 Fc H CC' 29 ) it is be It.eved that blade slap or
crack is ol a oifftrent oLip.In than that enceuntercd al thiL: lowekr
speeds., For thils cass itI is believed that thie severe c-racking noise
ip tJ1Od-ccLd by inc al Shoc k w•avs oiu tl Fr advancinrg h.l.acdeo These local
shock waves, combined ;'ith DcpplJcr effects, could exp' Uin the high
speed cracking noi.•,.

Clearly, additional work is required to define
the phenomena associated with blade slap, and to investigate means to
reduce it. Based on the available evidence, it is believed that blade

slap may be mitigated by decreasing the operating tip speed, the over-
all blade loading and compressibility effects (airfoil section, special

tip shapes, etc.). It may also be possible to reduce blade slap by

decreasing the local blade loading at the tip; this could be accom-
plished by increasing the inboard loading by blade twist or taper,
N.otv that the items theorized to decrease blade slap are the same as

tuose which decrease. the vortex noise component.

For the tandem rotor helicopter, blzi.d slap might
also be alleviated by minimizing blade overlap and increasing the

vertical separation between the rotors' tip path planes. The latter
might be accomplished by angular or linear vertical displacement;
however, such an approach would not alleviate the problem for all

flight conditions (i.e., downwind hovering).

c. Tail Rotor - It was mentioned earlier and is shown by
Figure 15 that the noise produced by the tail rotor of the test heli-
copter is primarily rotational. Peaks in the sound pressure level
at multiples of the blade passage frequency were the only significant
tail rotor noise measured. By reference to Figure 18, it is seen
that the loudness level of the tail rotor is significantly greater

than that of either the rotational or the vortex component of main
rotor noise.

Decreasing the tip speed and increasing the number of
biades are theoretically effective means of reducing rotational
no'se. The effect of tip speed is illustrated by Figure 30 which
shows that as the tip speed is reduced, the loudness level of all
harmonics of the rotational component are ie,',ced. Another ad-
vantage of lower tip speed operation is also shown. Note the re-
duction in loudness level at the higher frequencies associated with
low t.p speed operation. This is believed to be an r.p.m. effect
on the higher harmonic loudness level.

Since the scope of the subject test program did not in-
clude variations in tail rotor parameters, existing propeller theory
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and certain asZ Suoptlons based on this eest program are used to indi-
cate th10 peOssiibiitie.s of tail rotor noiCe reduction. It is believed
that I v thiis aplproach, tre nts can lIe es tabl ished to cvalua.te the ef-

fLe tas Of numbe1r er blades, tip speed, thrust, etc., on tile paerceived
lotidiless a a tail rotor noise,

Figure Il gives the calculated sound pressure level for
the rotattonal and vortex componentz, of a tail rotor with two, three
and four HI-IA tail rotor blades. These calculations were based on
the IIU-1A fail rotor hovering thrust and power requirements; con-
stanL power and thrust were as,_sumed. For reference, a line Of con-
stant soter thrust coefficient/solidity is also given (CT/r =

Figure 31a shows that the magnitude of the fundamental rotational
compŽonent a.s reduced by lowering the tip speed and increasing the
nu0mberL of blades. The corresponding measured data for the 1HI-lA
tail rotor are also given. IL is seen that although theory predicts
a rotational sound pressure level significantly lower than that meas-
ured, the general trend with tip speed is valid. Compar.tsons of
the calculated higher harmonics of the rotational component show
that these sound pressure levels are underestimated even more than
the fundamental. Fortunately, it is indicated by the tests of this
program that the magnitude of all harmonics of the rotational com-
ponent will be reduced if the fundamental is decreased. Therefore,
calculations of the fundamental rotational noise are used herein to
provide an indication of the noise reduction trends as a function
of the tail rotor aerodynamic parameters.

The calculated maximum vortex sound pressure levels
for the above tail rotors are shown in Figure 31b. The reference
CT/c- = .05 is also given. The calculations show that the vortex
noise increases with number of blades (the chord is held constant),
and with higher tip speeds. Above tip speeds of about 600 fp.s.
the vortex noise is shown to be less than that of the rotational
component. This is also indicated by the test results of this pro-
gram. The calculated data indicate also that for certain combinations
of design paramete•a the rotational and vortex noise will become of
equal importance.

It is also seen from Figurc 31 t..a&' Jor a given basic
design the performance requirements define the noise reduction pos-
sibilities for the tail rotor. Based on the use of the HU-1 tail
rotor blade, a tip speed limit of about 450 f.p.s. is apparent at
a value of q./o- of .05. Below that tip spea, the vortex noise
will predominate due to the increased blade area required to main-
tain the design thrust factor.

To evaluate the theoretical results of Figure 31 in
terms of loudness level, the magnitude of the higher harmonic
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l.,' tini.'] nI i s-r ard th,, In ' Irqui.n y of the peak v\crtcx noise must be
Ist aIit i-sn . Is n- e tu Cits;t 1ata t1O -it' si;u j('ct progq-ram as a guilde,

tin' iii• Iv, 'ni. a I asl Arpt ions; are, mait to enable this transformalion.

I) Tie I a Ili. tU(c' at tilt' 1. iih harmonic of tih' taill ro tor rotati onal
1.i11ii j'rctasurc levil may 5)0 cstimatcd by reducing the calculated
:401, it re ssure o3F til fUndamo'ital by an an ount based on the di f-
U' t' lLce in mag;ni ttld bctween the fundamental and nth harmonic
i' 14 Ci " I di ring t li a ) rUg ram*

2) Tl'h Ireqtwncy of the peak vortex noise of the 1`H1-1 tail rotor blade
i:a appraximately twice that of the I1U-l-A Train rotor, or 100)0 c.p.s.
It 0.100) engine r.p.m. This is based on the equation f =K V °

Since V,. for tilte tail and main rotors is nearly the same, the fre-
quency ratio arft the mainl and tail rotors is approximately equal
to the rat to of their respective chords.

It is believed that these assumptions are valid for tile
HIU-l and for helicopters of the same general size class operating
a' similar rotational speeds.

The results of this transfer of the theoretical sound
pressure level to loudness level are shown by Figure 32,. That figure
shows the calculated loudness level of the fundamental and peak ro-
tational components and the vortex noise as a function of tip speed
and number of FIR-IA blades. Measured peak rotational loudness levels
of the HIJ-1A tail rotor are also shown. The minimum values of tip

speed as a function of - la- are also indicated.

It is seen that a single curve represents all numbers
of blades for the fundamental rotational noise. This is due to the
transfer from sound pressure leveL to loudness level and the inter-
action between rotor speed and blade loading. The transfer from sound
pressure level to loudness level is dependent on the fundamental or
blade passage frequency and must >e evaluated for each case. The
changing slopes and intersections of the curves representing the
number of blades are also due to that transfer.

Figure 32 also shows that for the cases under investi-
gation, rotatiotal noise is predominant abcit tip speeds of about
600 f.p.s. Additionally, note that the test data of the subject pro-
gram show peak rotational loudness levels about 10 phons higher than
the estimated values. For purposes of direct comparison, esti-
mated tail rotor loudness levels will be ro ,modified in Section VI.

In addition to reducing tip speed and blade loading,

other possibilities with respect to the reduction of tail rotor
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I10i St, i l ditim tWis t and I apk L to minimize- the outboard W ade loading

antd Iunlýadni g the tIi I rotitr at high speeud by a tail fin. The in-
catiton of the tail ,rotoC wi th respect to the main rotor and tail

oail mii Lay also h, important. This could not be vorificd conclusively
duringp this prograim; how.'vtr, lhere were indications that iler-
I rtFence and ma aking feftctts were present which intfltnence the tail

ro-tor noise,

.2. Drive System

The noise generated by a helicopter drive system consists of
that associated with the transmission(s), couplings, bearing sup-
porls, and drive system vibrationss. These sources contribute sub-
stantially to the internal noise characteristics of the helicopter
but have little effect on the far field external level. This is due
to the atmospheric attenuation of high frequency noise and the masking
effects of other bu urceS.

From Reference 1I, the noise caused by the operation of a
gear is a result of stress waves produced in the gears, a r and oil
pocketing, friction, impact, and the variation of radial forces.
Proper gear geometry and accuracy of gear manufacturing processes re-
duce the level of all of these noise sources; however, the noise due
to friction remains a function of the torque input. The sudden re-
versal of the frictional forces on each tooth, gives rise to an ef-
fect called "pitch line shock" and results in a pronounced noise
generated at the tooth-contact frequency.

The contribution of the drive system sources and accessories
to the internal noise spectrum of the HD-lA helicopter is shown by
Figure 33. The prominent high frequency noise peaks can be traced
to the main transmission generator and the first and second stage plan-
etary pinions (gears) of the main transmission. These peaks are iden-
tified by calculations of the output frequencies and the gear-tooth
contact frequencies of these sources, respectively.

In addition to gear noise, the noise associated with bearing
supports, couplings, and drive system vibrationA may become signifi-
cant in a tandem rotor helicopter due to th- relatively long inter-

connecting shaft between the two main rotors. bInce the shaft is
normally located above the passenger compartment, this area may be

subjected to a considerable amount of high frequency noise, both air-
and structure-borne.

Theoretical analyses are not available to predict the effect
of various noise control techniques in reducing gear noise in a heli-
copter drive system. Several techniques have been suggested. These
include helical gearing, elastically mounted ring gears, plastic gears,
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s".to anl observerr. in tfhet veh.ice In additionv damping t;apec is
I,, s Cxtk' Iuii ',Vly ile ,estut CturC-hboit,. gutid iS tr•tll it ted through
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li!. f'ts'lages and structures. Test w ork to evaluate the noise ro-
duct iol) tlh Lt can be obtained by intorpurating the above techniques

in tuturv hlie1 icopter drive system desi'gns is needed.

. Power 1ia)-t

a. Turboshaft Engine - The noise of a tucboshaft engine is
assoe i ted with: l1) til inlet (primarily compressor whine), (2) the
engine, drive :;ys'cer., gearing, vid bearing noise associated with the

reduction gears and the acc'essory drives, (3) the exhaust, including
the noise produced in the mixing region of the exhaust gas stream
and the surrounding air, plus the contributions from combustion and
the power turbine, and (4) the noise radiated from the sttuctural
vibrations of the engine case. The major sources of a typical tur-
boshaft engine installation are the compressor whine and the ex-
haust noise.

Compressor whine is associated with the disturbances
caused by the passage of air by the compressor blades, similar in
nature to tlhe mechanism of rotational noise as discussed previously.

The frcquency of the compressor noise is determined by the number of
compressor blades, the number of staiLcnarv bladcs and the rotational
speed. The noise from the first compressor stage is normally the
predominant source; althotgh, for certain designs the noisp f-rom the
following stages may 4ecome noticeable. These stages generally Va"-
different numbers of blades and therefore different fundamental
frequuncies, Usually, the frequencies associated wiLh compressor

noise of a turboshaft engine are around 10 kilocycles and are quite
directional. This noise is Attenuated rapidly with distance; thus,
only the internal and near field leveh- '- significantly influenced
by this source. Although detected in the :abin of the HU-lA heli-
copter, the frequency response of common acoustical instrumentation
is such that this source is not easily identifiable from test data.

The exhaust of a turboshaft (:ngine is not a power;ful
noise source when compared with the helicopter main and tail
rotor. The exit velocity of the exhaust gases is relatively low
(300 feet per second at the exit nozzle for the T53-L-IA engine);
thus, the turbulence and the noise of the exhaust mixing region
are relatively small.
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b. Piston Engine - The primary source of noise of a pLston
engine is the exhaust . This noise originates from the periodic ex-
loiusion of hot gases of combustion through the exhaust system. Th1ý4'is
Lepresents a periodically changing volume which by definition i.' an
eiemCntary noise source. The lowest frequency of the exhaust it.-Ut'

spectrum usually corresponds to the firing frequeM:y of the eng1ieM,
Harmonics of this frequency may also hte noticeable. Based on M.;-
servations and data reported in Reference 4, the exhaust noise is
tille major internal and external noise source ol piston engi ne plwvr.td
helicopters.

Exhaust mufflers offer the possibility of noise reducti.on
for reciprocating engines although the weight and performance penalty
may often be critical. These penalities are also a factor in con-
sidering other possible noise reduction techniques such as combining
the exhaust nf stveral cylinders into one exhaust: port to partially
cancel some of Lhe components of the exlhao;., reu-surcs, and having
pairs of cylinders working in counterphase to cancel their fundamental
firing frequency.

E, RELATIVE PROMINENCE

In previous sections, the major noise sources of a helicop'vter
have been identified in relation to the helicopter component from
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Whi(h they la to 01d tna,c mecih,,nrsnl by which they arc, produced. In

tl iS ,L I ill,, the I r I lIi Ve 1) Oflhlo i enc (iif these noi se soutrces and c oni-

p t ncnt:, i., given for the fic /t,.li ca.ec and discussed in relation to

the i, ':'ti ,n of the cwbse Cxc With rt.spt ct to tile source and the ter-
Ca i ~lAd, ditinaiatlly, the irnte-rnl noist, levi'ls of the helicopter are

di 5it .-,suc

I. Var Field Case

Basod on the investigations of tl-is program, the noise corn-
nonents of a turbine powered he.icopter in their order of prominence

for tlie far fiela case (200 feet or more) are,

1) Main rotor blade slap (when it occurs).

2) Tail rotor (rotational).

3), 4) Main rotor (vortex, rotational).

5) Drive system.

6) Power plant.

For piston engine helicopters, power plant exhaust noise be-
comes a predominant source, second only to blade slap.

2. Effects of Position

The position of the observer in relation to the sourc¢eS in-
fluences the relative prominence of the noise components perceived.
Th Bpertanc e of the dircctivity pattern associated with certain
sources has been discussed previously (Figures 11 and 12, over-all
sound pressure level). For the subject study, it must be assumed
that an observer may be at any angl.e with respect to the helicopter;
consequently, directions of maximum sound pressure have been used.

Thc Jistance of the observ.vr from the helicopter is, important
in defining t.he. relative prominerce of the various noise components.
The p~rincipaX-cffect of distance is tn attenuate the high frequency
sounds. Figure 34 (from Reference 19) shoas tne atmospheric atten-
uation coefficient, k, in decibela/lO00 feet, as a function of fre-
quency. At typical hIlicopter transmission frequencies of about 1200
c.p.s., the sound is reduced 4 decibels per 1000 feet. It is seen
from this, that transmission and other high frequency noise may be
"considerably more prominent inside the helicopter than indicated by
the far field noise measurements of this program.
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lEffect ot I,-1 rain

In IM'V altituode flving, thle terrain affects the noise propa-
, Nated between the hellcc[t,, and the observer by absorbing and re-
A.[ctin O a port ion oft the 5ýou1n(, Obvi.ously, in military appiications

t IcC ii•otiiof Ic'red hv hlills andt other protrusions behL.en tie heli-
copte r and an enemy could be used wherelc.r possible to decrease the
distanc'o of both ,,iight and sound detection. A significant amount of
:sound absorption due to thick iand vegetation, such as wooded and
brush areas, is achieved, but only at low elevation angles as shown in

Fig•re 35 (taken from Reterenre 19). In Figure 35, the propagation
loss coe'ficient, k , represents the reduction in noise level per 1000
fret distance between the noise source and observer due only to the ab-
.iorption properties, of the terrain. This terin does not include the
attenuation of high frtiqu•'nLy noise due to the atmosphere. As can h'
nowlted, a iero to ten ',tocihel los.s per 1000) feet can be- achieved in
partly to heavily wooded areas at low elevation angles.

4. Effect of Flight Technique

There may bc many military and civilian situations where ic
ii; desirable to minimize the far field noise of existing helicopters.
For these cases, the helicopter should be operated at as low a tip
speed as practical. Steady cruising near minimum power will min'mize
the possibility of detection or annoyance; high speeds should be
avoided; decelerations to hover should be accomplished rapidly to re-
duce the time during which blade slap can occur; also, descents in

complete autorotation are preferable tc partial power descents to
minimize blade slap. Autorotation and climbs are not normally as-
sociated with blade slap but should be moderate, to minimize the
main and tail rotor rotational and vortex noise. It is also de-
sirable to fly as low as possible.

It is replized that some of the above techniques are con-
flicting; for instance, low tip speed - low altitude operations are
not necessarily compatible. The techniques are noted. however, since
during extreme circumstances it will be at the discretion of the pilots
of the hel~icopters to use all possible techniques to the maximum extent
"possible.

5. Internal Noise

The internal noise characteristics of helicopters are even
more complex than those for the far field case. This is not only due
to the relative position of the observer, but also due to the fact that
structural as well as airborne noise is involved. Further, the criteria
for internal noise reduction are normally more severe due tc reqtuire-
ments to minimize annoyance, fatigue, speech interferencc, etc.
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Figure 36 shows the loudness level of thle major FIu-lA internal
n ., c- ',.• -nn,-iiI n :--.- with the piIot anId copilot winduoWs upe~neld It is
01,,' tcI i It jf, ilt,,t' uoal t ransmissionn foist' has approximately the sýame
lF1( c l' v I- :I., the ml ain iin,t tiail rotor compono nt .h. ,•titi t v 'oCkPit
wiohc . ,_ 1I .; F,

1  tc, Plain clnIi ta il ro't cr nOise levels arre reduced tfrn:m
.ý to 0' d(ec ibels wi h the ,',FF ucl,.s;t r'ecduction in loudness level . For
•hi; '- 7 L 'l tiit' O', t1,. tF rtL';llc; i. I clin t 'li noi se i s tlhis t ,f thil l' t. I]

t ra'''r1 lii ad I C e'i'lc c-then

_,37 t i,.'ss the peo ss i le !' kunrl pressure level V-'d;"t lon

feor Llv: Hi -1 1o a drorlilsed acousti cal treatment given in Reference 20..
Nct' F.- i-''0 i c11it :,,,und oressure I e.el re r( duction at tile Ii gher re-
cqieii 'HL lk. £ 0o lth the hover and cruise ,onditions.

All hel.i'copter configuration changes made to reduce the far
fie.ld ,c.- will result in a reduction in the internal noise level.
Th, est.roal nais ls','el'; may be used to ,some cz-: ent tO e taluate the
relative (,efects of configuration ciungcane -n internal noise bI- c,,y -
side rin the atmospneric attenuation discussed previously.

6. The C.•-eept of Acoustically Balanced Design

The use of loudness level as 4 criterion for evaluating tile
prominent noise sources brings about the introduction of the concept
of the acoustically balanced design. For an optimum noise reduction
design with respect to aural detection, observer reaction, etc., all
comoonents should be perceived equally. It may be impractical to de-
sign for such a case; however, such a consideration can define specific
areas which should first be attacked. In attempting to create an acous-
tically balanced design for the H1;-!, the - 1 .eotor noise should first
be attacked, follcueced oy the main rotor vortex noise, etc. Blade slap
is not in thi.s listing for the HU-1 since it is believed that an attack
on thiis problem should be approached as a research effort.
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t ! this :<-k Ion L ho rLsult.S Is Ti•. rp r;or, arc used to evaluate the
'. t i. a:.. aia d with rt,.:,,o,a: I!., nlise .level of the HU-1 hel.L-
o.optrs . M'd~i I i•+tionI :; to •',.. o he noiise level are presented anl
o.valut,.i to n "ion '.tionwi Wt>, ,,'isuitrations of cost, performance and

wC ph' . Retonlinhndvi' confipu,.,ctiions are given and compared with t h•
productio-•n mac.inei. The compiri:;ons presented in this section vre
for similar mis•sion condirions; that is, where the helicopters have
tho sar:' L row load, payload, anod have full fuel at take-off.

A. TA IL RtJWfR

in 1¼cti n V it was shown that except when main rotor blade slap
occurs, the most pnrimiinent fleise associated wi tii the HU-1 helicopters

is that produced b tihe tail rotor. For the NU-1, blade slap may be
partially mitigattcd by operational techniques; for the general case,
additional work is required to define and eliminate that source. For
these reasons, consideration is first given herein to the reduction
of tail rotor nuise.

Figure 32 shows the estimated loudness levels of several HU-1 size
tail rotors as a function of blade tip speed. As noted, for tip speeds
greater than about 575 f.p.s., the rotational noise component is the
principal noise. In all cases, it is desirable to reduce the tip
speed as much as possible.

The extent to which the tail rotor tip speed can be reduced de-

pends on considerations of the performance requirements of the heli-
copter (Vmax, maneuverability, altitude performance, etc.) as well as
those of weight and center of gravity. From the standpoint of per-
formance, the major design parameters are the blade loading and tip
speed. These items define a mean blade latr coefficient or CT/0- ,
from which altitude, maneuverability, and forward speed stall limits
are established. For the parameters of the HU-lA tail rotor blade,
the minimum tip speeds associated with several values of CT/i- ale
shown by Figure 32. These minimum top spea*l are related to the
large increase in blade area needed to mrz,..Liin the values of CT/4-
and will vary depending on the size of the blade being considered.
By combining these approximations of the noise level and the limit-
ing velocities associated with blade stall, an indication of the
minimum tail rotor noise level as a functio, of the stall limited
design speed is obtained.

Figure 38 shows such a plot and also a calculated stall limit

speed and hovering noise level for the HU-lA tail rotor. The shaded
area represents variations due to stall angle, effects of number of
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1l)l&IeM;, et( . It is :,ten that as the stall limited design speed is in-
creasud C'rim 0 ta about 20 knots, the tail rotor loudness level does
net in c casc app ccciably. For heli coptcr design speeris above 80 knots,
the rufecrvnce, loudnuess level incVceases significantly (approximately
55 to 'IW plions from 120 to 120 knots). This points out a possible
problvm area 'ith hitgh peýrformance helicopters; however, the solution
of o•:,ioadine the tail rotor in forward flight is immediately suggested.
This is illustrated on the figure.

From Figure 32-.it is seen that for the HU-1A tail rotor, the ro-
tational noise. component predominates. Consequently, a significant
100ie reduction way be expected by decreasing the tip speed. The ef-
feet o-f number of blades depends on the particular blade area-tip speed
ýcibinatior,. The extent to which the tip speed may be reduced is il-
lustrated by Figure 39 where tip speed is shown as a function of blade
loading For several values, of the stall limit speed. Also shown are
the blade loadings for tail rotors with 2, 3 and 4 production HU-1
blades, and a practical tail rotor tip speed ratio limit based on con-
siderations of flapping and fatigue loads. It is seen that from these
considerations a tail rotor tip speed of about 590 f.p.s. i .equired
if it is desired to maintain the 150 knot stall limited speed of the
tlU-1A. Because of such effects as maneuverability at altitude, low
engine speed operation, etc., maintaining that maximum allowable speed
is desirable and the minimum practical tip speed for the HU-1 tail
rotor is defined as 590 f.p.S,

From Figure 39, adding one and two blades to the HU-lA tail rotor

reduces the minimum acceptable tip speed to ahout 030 and 600 f.p.s.,
respectively. Adding additional blades would result in violating the
tip speed ratio limit. It is seen, however, that a slight additional
reduction in tip speed may be achieved by a small reduction in blade
loading (or chord increase).

The over-all effects of these tip speed reductions and the related
changes are given in Table 7. The loudness levels were obtained from
Figure 32, The "calculated" values of the rotational noise component
are increased 10 phons to account for the diE t epancy between theory
and the experimental data of this program. Uh. principal reasons
for this discrepancy are believed to be due to such items as main
rotcr interference and assumed blade force ;.-,,ribution (total thrust
located at three-quarter radius).

Although from the performance standpoint it is desirable to main-
tain the maximum rotor diameter possible, smdll changes in diameter
would be acceptable. Therefore, it would be possible to reduce the dia-
meters of the rotors shown in the table to allow unrestricted operation
during test without a tail rotor gear box changes
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0e v r-all powt, r -:rqu i romentst dut- o the' abve v f il rottor ,at i c i--

cati ions ;r ti, , I ig LhIe . The relative wi..ig;.,t.S of" thes.,e tail rotors
1% hII IChtnge .p.tro ximat ly as sootv by the table; howe vCr, the actual.
wi ,hs -oo ld ;)e depende.it upon thte , tie ail design and may vary con.,

5sitdeitltIv f-rolr the Lnmdicott'd values. !iven t hooghi the weigt of these
cempoin nts iray caiange by a factor of two, the net cffect on the hel i-
C.tVLC r' empty weight is small. For this pre sentat :)n, it was as-

sumed that the existing center of gravity coald he maintained by items
of fixed equipment.

It sl'otld be remembered that the data of Table 7 are intended
enly to indricate the numerical values associated with 'the trends. As
mentioned before, the. state of tleW art is not sufficiently advanced
to define quanti tatiively the noiste level of rotors. Within this frame
of reference, Modification b is selected as the optimum tail rotor
for the thrust and stall limited speed requirements investigated.
Its loudness level is only one phon higher than the minimum noise of
Modification d; however, production blades may be used and the system
should be lighter. A new gear box and hub are required. Modifi-
cation b will result in a loudness reduction of about 50 pc., cent
of that of the standard HU-l tail rotor.

B. MAIN ROTOR

In this section the main rotor acoustical data of this program
are used with standard performance analysis technicues to investi-
gate the effects of various noise reduction modifications on the HU-1
main rotor. This is accomplished by summarizing all of the main
rotor acoustical data of the program, noting general trends, and
then evaluating selective modifications to the HU-IA to determine
their total effects. Practical rotor configurations are investigated
in all cases, and emphasis is placed on maximum use of existing HU-l

components.

On the basis of the test results of the subject program, the
trends of the main rotor hovering loudness levels versus blade load-
ing for two-and three-bladed designs and for two tip speeds are shown
in Figure 40. The loudness levels shown are based on the peak values
of the rotational and vortex noise as illustL. t..: by Figures 24 and
25, and are used herein to estimate main rotor noise as a function of
the various rotor parameters.

The influence on performance for the variojs main rotor design
parameters which were selected on the basis of the noise reduction
trends is given in Table 8. Hovering ceiling, range, maximum rate
of climb, and maximum stall limited speed, as well as the loudness
level, are shown for the HU-lA and various modifications of that
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maek I':rl . For th1 p i').-C: ' T ncc 0tLa , a cL row 0a' tw1o, full ue f , aflnd a
tyvpi.t pay! ad (l0th) pounds) a re useýd, ,impty weights are established

l thu. lasis ,t ti taIree rotor t te':t-d. Sinc. the three-
S1;t Ie I ot-, 10 I F 1) C this 1) L I YI II i- cerimvlnta I , t we i ght shown for

t hai retO, osyt.em is sOImewhat hLigh in rtation to a production design.

Moditicatian 1 involves the use of two 21-inch chord blades on tile
I!3-J.A epcratin at low engine r.*p.m. It is so en that the hovering lo.d-
ncs.e level is appreciably lower than that o the refere-nce lIJ-1A at
normal rotor speed and the perfermance nf t he machine is improved.

.oldi/.1cation 2 (thri, oe ,i-inch chord blades) results in a vehicle
with 'the lowest loudness level in hover; however, this configuration
rc:iults in an unacc.:ptable decrease in performance. This is due ptrin-
cipally to, the increased weight associated with the larger rotor;
that is, there( is too much blade area for the installed power of the
l111-IA.

Modification 3 consists of three 15-inch chord blades s!n,I is found
from the noise standpoint to he equivalent to Modification 2. This
configuration compare.s unfavorably from a performance standpoint, how-
ever, because of the higher rotor weight.

With added fuel capacity and a more powerful engine, blade area
can be used to advantage. Honth increased fuel capacity and a more
powerful engine are provided by the HU-1B helicopter. Data for that
machine are shown in the table. It is seen that the performance items
ofthe HP-lB are considerably improved over those of the HU-lA. How-
ever, the loudness level of the 111-1B main rotor is slightly greater
than that of the H[-1A.

Modification 4 involves the use of three 21-inch chord blades on
the HU-lP. This modification is shown to be appreciably quieter than
the standard HU-1B; however, the over-all performance is decreased.
The loudness level of Modi.fication 4 is nmc as low as that of Modi-
fication 2 (same rotor system on the HU-lA) because of the higher grcas
weight. The noise level of the three 21-inch chord bladcs on the HU-lB
is shown to be abuut equal to that of the HU-lA with two 21-inch chord
blades (Modification 1).

Modification 5 shows the effect of increasing the chord of a two-
bladed rotor to add sufficient blade area to minimize rotor vortex
noise. It is seen that two 27-inch chord blades produce slightly more
noise than the three-bladed rotor (Modification 4); however, the per-
formance of the two-bladed rotor is slightly higher (than Modification
4) because of its lower gross weight.

Finally, a very wide chord two-bladed rotor is shown as Modification
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6 ( two 31.5-i1'h ehor Ci h I ded ).* The performance is s lightly better
than t'Cr Modifical ion 5; lIwe w, r the lotlnosns 1(vel is increased. This
it5 tie oe]ny rmaill rotOr ee'll' i •nro t ion which is tound to huyt'. a p redomi-
mint r(o ,tA j 'al] ooj.ýt•' i(iil it ( l'Iit.

'Th i' rc(di t i Ill of 1 ip SpIe(d to r ;1 modifications discussed thus
Sar' is acColiltlihcd ny lowcrmlug ti'h 'nginc speed from 6400 to 5800 r.p.m.
Furtho'r reduction ,• ,ngino r.p.m. would be impractical since the loss
of available i'lli'it poeer wiiild be unacceptable. Modification of the
1I11-i ma in rotor t cansiise tont to provide I ower tip speeds for the pur-
pose o0 Cl t0 i'S re(tlC t i i1n out . is 1n0t c oniside red Io be justified.

The remaining met hod if 1 6hW'ring the tip .ap' efd is to reduce the
rot.r ii diam'tcr. 'ITn o'valt:Lat this, ii will be assumed that the in-
floerc, of i diameter on the loudness lwvel can be dot,'rmined by ex-
trapolitting data f rom Figure 40, through changes in tip speed and
blade loading. Far small variations in diameter, it is believed that
this assumption will not mask the trends associated with the changes.
For large diameter changes where major rotor frequency shit. a are in-
volved itt' to necessary changes in design rotor r.p.m., the loudness
level data in Section V must be converted to sound pressure level
and re-evaluated on the basis of the new frequency spectrum. Table 9
gives several examples of the effects of diameter.

It is shown that a reduction of rotor diameter will decrease the
loudness level. For the cases shown, however, a reduction of both
stall limit speed and hovering ceiling rcsults and is considered to
be unacceptable.

Because of uncertainties in using the data of Figure 40 for other
than 44-foot diameter rotors, additional t.ests and analyses are needed
before definite conclusions can be drawn. The data of Table 9 indicate,
however, that significant loudness level reductions are possible with
small diameter - large chord rotors operating at low tip speeds.

C. DRIVE SYSTEM AND POWER PLANT

In comparison i1ith the maini and tail roth , ,.he external noise
generated by the engine and the transmission systems of the HU-I heli-
copter is considered to be negligible. No modifications are consid-
ered.

D. TOTAL EFFECTS OP MAIN AND TAIL ROTOR MODIFICATIONS

In this section the results of the application of the n.ise re-
duction techniques studied during this program are summarized by
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(I•- iT l i•, the ( pt i l, ;111 ( li 4 tUrat itn 1 cr the IIIl-lA and II1-1B where noise,
juti I l't~lt ;itnl 'o it I- t 011:s iouL' T:C -esCe ft•r oIImondations and com-
M,.1 t, Ot'e itntendted to it-, i a gui dc only. As mentioned earlier, the state
of Ihit a rt of noi se p rl.dic ( i otii and ckon t rol is not sufficiontly advanced
to" dotut'I thi' t (,'rotor no i:-- char'aotcristics accurately. Further, the
nit1riciatl values ass'gn d to the various characteristics are valid only
Lor thI,, r,:iuis.i T seIlLctt,d. Tn reviewing tVdý work, conside ration must
ht givell 'tO. thiese it ems.

in connection with the modifications to the HU-lA and HU-IB, items
which arc considered but for which no numerical values were assigned
include auturotat ion and flare characteristics, cockpit vibrations,
and rot or fCatigue loads. It is assumed that for the gress weights
shown, pillots of helicopters with the modifications could operate at
low cngiInc speed in situations where low noise Ievel is required; in
other flight situations (at altitude, high speed, etc.) f~ull r.p.m.
could be used.

Table 10 summarizes the best configurations studied during this
program (from Tables 7 and 8). In this table an attempt 1z acýde to
represent the total effect of the changes as a percentage. It is
realized that adding noise of the type considered on a loudness scale
is questionable. The results of such an approach, however, agree
with qualitative observations of existing configurations and are there-
fore included. For this, two approaches are taken: 1) to define the
percentage reduction in loudness (sones) for the component with the
highest loudness level (for this case, the tail rotor), and 2) to
convert the peak loudness level of al! noise components to sones, and
add to obtain the total loudness.

Table 1G shows that the tail rotor loudness can be reduced 50
per cent by Modification b (four-bladed, 8.4-inch chord rotor,
Vt = 600 f.p.s.). To realize this reduction, however, it is necessary
to operate the main rotor at low tip speed. For unrestricted helicopter
operation, it is necessary to provide added blade chord for these low
tip speeds. If the HU-lA main rotor tip speed is maintained, main
rotor noise will mask the effects of the new tail rotor and only about
a 20 per cent noise reduction will be realized.

When the effects of other main rotor mc¢t cations are included,
the situation changes somewhat, although it is still apparent that the
tail rotor modification is the most significant. Referring to Table 10,
the lowest total loudness is indicated for low tip speed operation of
the HU-IA, modified with a two-bladed, 21-inch chord main rotor and a
four-bladed tail rotor, With these modifications, a reduction in totalloudness of approximately 40 per cent can be realized. It should be noted
that the performance of this helicopter is shown to be increased slightly
over that of the basic HU-lA, operating at normal tip speed.
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Fr'om the standpoint of total loudness, the power plant and fuel
capacity of the helicopter contribute significantly toward defining
the optimum noise reduction modification. For this reason, the basic
ITU-1B and several modificat ions of that machine are given. Two HII-1B
modifications are shown in Table 10 since the performance and noise
of the two are approximately the same. In addition to the four-bladed
tail rotor, the modifications considered include a three-bladed, 21-
inch chord and a two-bladed, 27-inch chord main rotor. It is seen
that the loudness of the three-bladed rotor is slightly lower; however,
the performance of the two-bladed rotor is slightly superior. On the
basis of the performance advantage, the wide-chord two-bladed rotor
configuration is selected as the optimum. With this main rotor modi-
fication and the four-bladed tail rotor, a reduction of about 40 per
cent in total loudness of the HU-IF. can be realized.

It should be noted that for all cases the principal noise re-
duction resulted from the new tail rotor. Also, the noise reduction
achieved for the main rotor resulted from lower tip speed operation.
Because of the low tip speed, the blade loading had to be -•ruc'ed to
maintain the proper high speed, maneuverability and altitude per-
formance (CT/o-.
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TAi'L8E 3
N.IVNC,ENV I RCNNTML. CONDITI"ONS DURING TESTS

ECnIdfigt'ru ticn Op-erating Date Wind Direction- Temperature Humidi,
Number Conditions Velocity, Knots OF

I Fly-over o-27-61 S 14 84.2 52

Ti edown 10-3-61 ENE 6 66,9 44

(Tests 1-8)
Tiedown 10-4-61 S 12 69.1 47
(Tests 9-13i

and Hover

IIFly-over 9-21-61 SSW 22(to 32) 80.7 64
Hover 10-461 S 12 _ 69.1 47

III Fly-over 10-31-61 WSW 8 79.3 66

and Hover

TABLE 4

DATA REDUCTION SCHEDULE

TEST TEST DATA ANALYSIS
NUMBER DATE lOVER-ALL 1/3-OTAVE CONSTANT BANDWIDTH FILTER(6-C.P.S.

10-3-61 All Mikes Hikes -2, 9, 16, 22

2 All Mikes
3 Mikes - 2, 9, 16, 22
4
5
6 All Mikes
7 - -

9 10-4-61 - All Mikes
10 - Mikes - 2, 9, 16

11 - All Mikes
12 - Mikes - 2, 9, 16
13 - -

14 Mikcz -2, 9, 16, 22
S~~15- -

.6 All Mikes All Mikes
17 - -

18 - Mikes -2, 9, 16, 22

19 All Mikes All Mikes
20 - -
21-29H 9-21-61 - -

30-42 9-27-61 -
43-48 10-31-61 - -
49-52 - Mikes - 2, 6, 9, 13, 16, 20
53 All Mikes All Mikes
54 Mikes - 2, 6, 9, 13, 16, .0
SRI-SR6 t - One Mike
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TAt3LE 6

FLY-OVER TESTS - CONDIT]ONS AND RESIILTS

Cor fiu rat ion Configuration Configuration
__________ I II III -

Spe I kiOIs 60 60 60

App r',x. I It it utde feet 50 50 50
Rotor tip speed f.p.s. 720 724 724
Gross weight lbs 6400 6200 6400

Wind direction - S SSW WSW
Velocity knots 14 22 (to 32) 8

Tenipcr attire 0 P 8.4.2 80.7 79.3
Rc,_t ivt' humidity % 52 64 66

dvcz-all Sound k'I-essure Level During Approach:

Distance from Microphone:
300 feet 91 db 92 db 85 db
200, feet 95 96 87
100 feet 98 100 92

0 feet 107 108 103

TABLE 7

ESTIMATED LOUDNESS LEVELS FOR VARIOUS HU-lA
TAIL ROTOR MODIFICATIONS

Design VatalI = 150 Kn, Thover = 313 Ibs, Distance = 203 ft

Standard Mod a Mod b Mod c Mod d
Number of blades 2 3 4 2 4
Diameter - feet 8.4 8.4 8.4 8.4 8,4
Chord - inches 8.4 O.4 - 8.4 21 10.5
Vt- f.p.s. 710 635 600 590 590
Engine r.p.m. 6400 5730/6400* 5410/6400* 5320/6400* 5320/6400*
Rotational Loudness

Level, phons** 81 74 71 74 70
Vortex Loudness

Level, phon. 63 63 61 64 60

New blades required - no/no no/no yes/yes yes/yes
New tail rotor gear

box required - no/yes no/yes no/yes no/yes
New hub required - yes/yes yes/yes yes/yes yes/yes
Relative weight 1 1-1/2 2 2+ 2+

* Restricted operation - for test purposes only
"0* Values shown include a 10 phon increase over calculated values to account

for discrepancies between theory and test data (See Section V-D-l-c)
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TADLE 9

EFFECTS OF DIAMETER ON MAIN ROTOR LOUDNESS LEVELS

Maximum
Configuration Tip Blade Loudness

Diameter Speed Loading Level

_•_ct F.P.S. Lbs/Sq Ft Phons

Number of blades 2 48 717 85 77
Chord -in 21 44 (std) 656 93 72
Gross weight -lb 7152 40 595 102 68
Engine speed -r.p.m. 5800

Modification 4
Number of blades 3 44 656 64 69
Chord -in 21 38 567 74 62
Gross weight -lb 7449

Engine speed -r.p.m. 5800

Modification 6
Number of blades 2 44 656 63 73
Chord -in 31.5 38 567 73 63
Gross weight -lb 7202
Engine speed -r.p.m. 5800
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.(MIC ROPHONE NUMBER)

I-

S T 3I WIND VARIATIONSI I -0.9 \ URiNG TESTS
fb i- (SEE TA13LE 3)

z

CZ1

U) 17

22 18 4

1

20)
121

FIGURE S.TIEDOWN AND HOVER MICROPHONE LOCATIONS.
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FLIGHT 4
DRECTION 

I (MICROPHONE 
NUMBER)

DISTANCE 200 F EET • 4 r

WIND VARIATION
DURING TESTS

(SEE TABLE 3)

4 5 3 2

200 1 200
I

FIGURE 4. FLY-OVER MICROPHONE LOCATIONS.

MICROPHO4T 95 DECIBELS 102 DECIBELS

HEIGHT = FEE

-- ( 97 105

L-5 60

FIGURE 5. EFFECT OF MICROPHONE HEIGHT ON OVER-ALL SOUND PRESSURE LEVEL.
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FIGURE S. ACOUSTICAL DATA RECORDING SYSTEM
(GENERAL OYNAMICS/FORT WORTH).
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140 --

"EQUAL LOUDNESS LEVEL 120 PHONS
120

W 100
0

80-,• 8..0 . _____

hi_ _ _-h 80 -_

i ii 60,
LJ~

hi

o 40

9
20 ... •, • 20

10 I I I I ,. .. I
10 20 so to0 200 So0 1000 2000 5000 10,00o

FREQUENCY, C.P.S.

FIGURE 9. EQUAL LOUDNESS LEVEL CONTOURS (REFERENCE 9).

LOUDNESS LEVEL, PHONS

0 00

LOUDNESS, SONES

FIGURE 10. LOUDNESS LEVEL AND LOUDNESS NOMOGRAM (ReFERENCE 9).
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92 92

10 1 103

106 100

DISTANCE 01919

200 P'EET s

900

se 90
102

88 9

89

TIEOWN
THRUST-SMC LBS.

Vt = ?20 F.P.S.

FIGURE 11. HU-IA EXTERNAL OVIER-ALL SOUND PRESSURE LEVEL DISTRIBUTION.
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89

87 8 K

103 86

103 102

9110 20 FEE 104 • 9

DISTANCE 100 091

200 FEET so

83100 93

SFý 91

as
TI FO OWN

THRUST-6000 LBS

V-t = 70 F.P.S

FIGUkF- 12. HU-IA LXTERNAL OVER-ALL SOUND PRESSURE LEVEL
DISTRIBUTION WITH TAIL 4UTOH ODSCONNECTEL.
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CONFIGURATION GW, LBS

0 I 5800, 6800

A II 5800

mJ f Of III 6000,6400

J .00s

> 95- r o ' - -4 - 05 - -. /.,

Iii VS V~~~~t =- 753 F.P.S. F ,-.

90 - 72

0
go 720 -

H ER

JV

t•> DISTANCE =200 FT

0

0 20 40 so0 so 40 120 140

SLADE LOADING, LagiFT 2

FI(3UfF t3. MAXIMUM OVER--ALL SOUND PRk._-"SURE LEVIEL AS A FUNCTIOl --

OF SLADE LOADING AND TIP SPEED,
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120 120 MAIN ROTOR 2/REV

¶1 -TA!L ROTOR 2,'REV110 - r I if . . ,J
CONFIGURATION I •-.,
GW r 6400 LBS

10 BL =116 L13S/FT'
V t =72C0F HP-. A

A LTITUDE - 0 F~T -W5 0 .. .. . . . . . . . .. . . . . . . .

APPROACO FLY-OVER

300 100 0 100

w-

u 120

Lii0

iJ CONFIGURATION II"-J GW = 6200 LBS
ui 10oo- 8L = 33 LBS/FT2  

-
V t=724 . VV F. P S,
ALTITUDE =;50 FT

w go0
n.

APPROACH -------- F

z 80 -- - - - - --

0
u,

300 2( rx t0o 0 100

w

0

120
-MAIN ROTOR 8/REV

110

CONFIGURATION III -- fl.,.
100-o OW. 2 6400 LBS

SL =SOLIJA$/FT
V: z724 F.P.s.

90g - ALTITUDEZ SOFT

APPROACH FLY--OVER

CO.~

-lno 200 100 0 100

HORIZONTAL DISTANCE FROM MICROPHONE. FEET

FIGURE 14. GROUND NOISE DURING FLY-OVER 60,-KNOT LEVEL FLIGHT).
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tO ~ ~ JN~ C. P. S. CON4STAP4T GARDWOTH FILTER)

Ito,-

014E REV

200 - C.P.S. CENTER FREQUIEN-Y-

il"!H ill

till.,I~, I ..I II !1 II io

TIME - NOTE SYRONG 2/REV
0.10 SECMODULATION OF FR9-
0.10 SECQUENCIES ASSOCIATED

WITH VORTEX NOISE

FIGURE 16. TIME HISTORIES OF TWO-BLADED MAIN ROTOR VORTEX NOISE.
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120 i 1 1 17 'l 1 , 1 1 1~• 1 1 1 1 1 1-11 1 1 1 1

110

TAIL ROTOR
90 -- Z ROTATIONAL NOISE

( (SYMEOLS REPRESENT MEASUREDz __ A DISCRETE FREQUENCY COMPONENTS)

>

-j

Z MAIN ROTOR

o 50nROTATIONAL NOISE HOVER

"(SYMBOLS REPRESENT MEASURED GW = 6800 LBS
40 -- DISCRETE FREQUENCY COMPONENTS) BL = 123 LBS/FT

2

30 DISTANCE = 200 FT

20F - 1 1I i I I i I llf I. 1 I -Ill

10 20 50 100 200 So 10 000 2000 5000 10,000
FREQUENCY, C.P.S.

FIGURE 18. LOUDNESS LEVELS OF MAJOR EXTERNAL NOISE SOURCES OF HU--A.

120 1 1 1l I l'I I I 1 I I I I I I I III

110 CONFIGURATION GW, LBS BL, LBS/FT
2  

Vt, F.P.S -

t- I 6800 123 720
A - II 6800 89 724

--- Il 6350 87 724ul)
z 90
0

(L1. MAIN ROrOR
80 Of VORTEX NOISE

70

w so-w0 oo ---.---o .
0 AMAIN ROTOR

-J 50 ROTATIONAL NOISEI(SYMUOILS REPRESENT MEASURED
4 DISCRETE FREQUENCY COMPONENTS) HOVER

40 DISTANCE = 200 FT

30,- _

I0 I11oil1I I IB1l-d
I U '.0 s0 100 200 800 1000 2000 5000 10,000

FREQUENCY, C.P.S.

FIGURE 19. EFFECT OF MAIN ROTOR CONFIGURATIONS ON LOUDNESS LEVEL.
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AI'PENDIX

COMBINED ACOUSTICAL .AND DYNAMIIC AIR LOAD DATA

Presented in the following pages are portions of the. basic main rotor air
load data which were recorded during the subject prontrrm. DnIa vor t l
flight conditions are given: a 60-1:.' - .. " l. . i a 6O- to zero-
knot deceleration . ,. * In .. -' s 8 ! ir,,-. -Z the dic fferential
blade .-. ..... t r es i ,5U cc at d', -- , .-% , 1, - and 1)5 per cent radius,

. tiv:ly, tr I-'- ' ot.d on CrC, plot ar; chord 1 -c,,Lions of
the various ir,-nsductrs and ,r.'- sponding trace ident ificaticn numbers.
ih ' sl}- al- 1 Jinternal sound pressure level measured by portable acousti-

,1l equipment is gi.ven by trace ntum.er eight (8) in Figure 42.

The trace sensitivities based on a reference calibration pressure are
given in Table 11. The trace numbers, the location of the transducers,
the trace zeros (reference line of zero A P), and the cai'Y-70'ion
constants for each radial position are noted. The calibration con-
;tanta. are given in difterent1a pressure (p.s.r.) per inch of trace

deflection.

Within the scope of the subject program, the location of the helicopter
with respect to the ground plane microphones and the azimuth positions
of the rotor could not be established during the fly-over tests. There-
fore, acoustical data of ground plane microphones taken during these
tests are not included.

ii

ii
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Mi
TABLE 11

DIFFERE'TIAT. PRL.SST'RE TRACE SENSITIVITIES

CIQR!? TRACE CALIBRATION
TRACF Lc, IoT IIO_. 14 () CONSTANT

NAI)IAL P1!yt.' N 'h13ER lIcr Cent Inches Psi/Inch

40o R 6 4 .05 1.35
17 .75 .71

8 34 1.72 .43

63 2.14 .16
10 85 3.72 .i0

75% R 1 -. 01 1.80
2 9 .23 1.60

3 17 .41 1.16
4 23 .85 1.09
6 63 2.07 .23

7 90 2.87 .13
85% R 1 2 -. 05 3.40

2 4 *12 30bO
3 9 o64 2.82
4 13 .76 1.95
5 17 1.13 4.07
6 23 3.57 3.08
7 34 3.13 1.57
9 63 2.38 .37

10 77 3.71 .37
11 90 4.71 .36

90% R 1 2 -. 03 3.88
2 9 .54 3.65
3 17 1.70 4.07
4 23 e38 2.05

. 5 34 1.81 1.53
' .6 .63 3.30 .62
! '7 90 4.78 .30

95% R 1 2 .08 3.87
2 9 .77 5.38
3 17 1.97 4.22
4 23 1.22 2.11
6 63 2.45 .48
7 90 4.55 e17
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